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Chapter 1
Introduction
This thesis consists of two parts and one appendix. Part one is the introductory section and is orga-
nized in ﬁve chapters. The purpose of the introduction is to give a brief description of the background
for the performed studies. The ﬁrst chapter presents the motivation and the aims of the project. The
second one gives an overview of the anatomy and the physiology of the heart. Chapter three gives a
brief introduction to computational cardiac modelling, and in chapter four a summary of the papers
and a publication list is presented. The introductory section is closed in chapter ﬁve with concluding
remarks and directions for further studies. Part two, chapter six to nine, is a collection of research
papers. Each paper is self-contained with its own introduction and conclusion and some of the infor-
mation is therefore repeated.
1.1 Motivation
”Biomechanics is the study of the structure and function of biological systems by means of the meth-
ods of mechanics” Hatze [47]
Cardiovascular disease (CVD) is today the leading cause of death in the western world, with an
incidence rate expected to increase following a trend of obesity in the population [112]. There is
therefore an increasing need for accurate and efﬁcient tools for cardiovascular diagnostics.
Non-invasive medical imaging of the cardiovascular system can be used to detect and grade
pathology related to both anatomical and physiological abnormalities. A particular advantage of such
techniques is the ability to measure the movement of blood and tissue, used for instance to investigate
blood ﬂow patterns inside the heart. To quantify in more detail the observed healthy or pathological
ﬂow patterns and their inﬂuence on the myocardium, it is beneﬁcial to have analytical and compu-
tational models which allow for fundamental insight. In the ﬁeld of biomechanics, tools exist for
performing computer simulations of complex transient geometries. Coupling computational ﬂuid
dynamics (CFD) with medical imaging makes it possible to reconstruct subject-speciﬁc simulation
models of the pumping heart. Such models can help us to understand the complex ﬂow phenomenon
and provide us with ﬂow details on a level not possible by medical imaging alone.
A simulation environment offers ﬂexible control of the boundary conditions (mimicking healthy
and diseased myocardial tissue or vessel wall) and ﬂow parameters (corresponding to changed hemo-
dynamic loads). This gives the opportunity to easily alter the models and further check how the ﬂow
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responds to the applied changes. A future goal is to create subject-speciﬁc models that may have
the potential to support professionals in clinical decision-making by performing virtual surgery. By
doing this, new insight into the inﬂuence of surgical intervention on the blood ﬂow can be obtained.
However, before a model can be used for clinical purposes, thoroughly validation is necessary.
Different approaches have been suggested in order to create numerical simulations of the blood
ﬂow in the heart, where the main focus has been on the ﬂow in the left ventricle (LV). All studies have
various shortcomings and none of the models are yet applicable on a clinical base.
1.2 Aims and scope
The main goal of this thesis has been to enhance the understanding of cardiac blood ﬂow, by means
of the development and assessment of various approaches for subject-speciﬁc simulation of cardiac
hemodynamics. The focus has been on the blood ﬂow in the left side of the heart, which includes the
left ventricle, the left atrium (LA), the mitral valve (MV) and the aortic valve (AoV).
The main research topics of this thesis may be summarized as follows:
• Subject-speciﬁc models
Our aim was to use models and methods that could contribute to a better understanding of the
hemodynamics in the heart. To obtain physiological realism in our models and to sooner get
into clinical research, we wanted to use subject-speciﬁc models. A geometry-prescribed CFD
approach was therefore chosen for the heart chambers in this thesis. To achieve subject-speciﬁc
boundary conditions, the geometries were obtained from medical imaging data. Cardiovascular
medical imaging, in particular ultrasound, magnetic resonance imaging (MRI) and computed
tomography (CT) have reached a level that provides high quality geometrical data. Today,
ultrasound is the major imaging tool in cardiology. A major beneﬁt of ultrasound is that it allows
for real-time inter-active display of image data and can therefore help in guiding treatment. The
main objective was to build models based on ultrasound for both 2D and 3D ﬂow simulations.
However, other imaging modalities were used if necessary.
• A ﬂuid structure interaction (FSI) algorithm for two asynchronously moving, rigid leaﬂets
The mitral valve has a complex three-dimensional geometry and movement pattern. The two
mitral leaﬂets are thin, rapidly moving structures which undergo large deformations during a
heart cycle. The modelling of the mitral valve is therefore a challenging task and currently, no
single method solves this task completely. Due to the complexity, the mitral leaﬂets are often
excluded in simulations of ventricular ﬂow. We wanted to study how the mitral leaﬂets affect
the intraventricular ﬂow ﬁeld during diastole. We also wanted to avoid using symmetry in our
simulations. One of the research objectives was therefore to develop an FSI algorithm which
could handle two asynchronously moving, rigid leaﬂets. The leaﬂets’ impact on the ﬂow ﬁeld
was then analyzed in a 2D simulation of ventricular ﬁlling, where the anterior and posterior
valve lengths were based on ultrasound recordings.
• The inﬂuence of left atrial boundary conditions on the velocity proﬁle at the mitral oriﬁce
and on the intraventricular ﬂow pattern
Due to the complexity of the heart, the left atrium is often neglected in simulations of LV ﬁlling.
The LA is then replaced by some simpliﬁed inlet condition, like a uniform pressure condition
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or some symmetric velocity proﬁle. Relatively few studies have focused on the normal ﬂow
distribution inside the LA and the understanding of the global ﬂow pattern within the atrium is
therefore sparse. We wanted to investigate the ﬂow inside the atrium and the resulting velocity
distribution at the mitral oriﬁce. Both 2D and 3D simulations were performed for this purpose.
The aim was to gain knowledge of inlet conditions for LV ﬁlling simulations.
• Subject-speciﬁc 3D boundary conditions for the pumping left ventricle
Subject-speciﬁc CFD models generated from medical imaging data can be used to investigate
healthy and pathological cardiac blood ﬂow and to simulate the effect of virtual surgery and
thereby optimize treatment.
One of the research objectives was to develop a method for easily creating subject-speciﬁc 3D
boundary conditions for simulations of ventricular blood ﬂow. Our aim was to build models
based on ultrasound. When a surface-tracking method of the heart chambers from 3D echocar-
diographic data became available in 2009, we wanted to develop the ﬁrst subject-speciﬁc 3D
CFD model based on real-time 3D echocardiography (RT3DE).
We also wanted to have a physiologically representation of the mitral valve in this 3D CFD
model. However, it is difﬁcult to obtain the 3D valve dynamics from echocardiographic record-
ings. One of the research objectives was therefore to ﬁnd a strategy for how the mitral valve
could be represented in the 3D CFD model.
A future goal is to have a methodology for constructing 3D CFD models from RT3DE incor-
porated into ultrasound scanner systems. Such real-time CFD simulations have the potential to
improve and change clinical practice.
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Chapter 2
Anatomy and physiology of the heart
Anatomy is the science concerned with the form and structure of living organisms. Physiology is
closely related and pertains to the function of the structures. Most biological systems are very different
from normal engineering systems in the sense that they are extremely complex. This means that
simpliﬁcations are often necessary in biomechanical simulations, but in order to apply simpliﬁcations
that still provide meaningful results, an understanding of the actual problem is required.
Myth has it that the heart is the seat of the emotions, but in fact, the heart is a muscular, hollow
organ, responsible for pumping blood throughout the body. An overview of the heart and its main
components are shown in Fig. 2.1.
Figure 2.1: A longitudinal view of the heart and its main components (adapted from [2]).
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A partition septum divides the heart into two halves often referred to as the right and left heart.
Each half consists of two chambers; a thin-walled atrium and a thick-walled ventricle. The atria
receive blood from the veins, while the ventricles pump the blood out of the heart and through the
circulatory system. To maintain the unidirectional ﬂow of blood, the heart has four valves. The valves
between the atria and the ventricles are called atrioventricular valves. The right atrioventricular valve
is the tricuspid valve, while the left atrioventricular valve is the bicuspid, or mitral valve. The last two
valves are the semilunar valves, they are located at the base of the arteries which leave the ventricles.
These are the pulmonary valve which lies between the pulmonary artery and the right ventricle (RV)
and the aortic valve which is situated between the aorta and the left ventricle.
The magnetic resonance (MR) image in Fig. 2.2 shows a slice through all the four heart chambers
during ventricular ﬁlling. The subject is lying on the back and the MR image is seen from the feet
which mean that the right side in the picture is the subjects left side. As seen in Fig. 2.2, the heart
is situated in the chest cavity in between the two lungs and behind and slightly left of the sternum
(breastbone). The narrow end of the heart is called the apex whereas the broad end is called the base.
The apex is pointing downwards and to the left, whereas the base is directed upwards and to the right.
The left ventricle, the right ventricle, the left atrium and the right atrium (RA) are indicated in the MR
image.
Figure 2.2: A MR image showing how the heart is positioned in a human. The image shows a slice
through all the four heart chambers during ventricular ﬁlling. The image is seen from the feet so the
right side in the picture is the subjects left side. The MR acquisitions were performed at St. Olavs
University Hospital, Trondheim, October 2010.
The focus in this thesis will be on the left side of the heart which refers to the LV, the LA, the MV
and the AoV. Fig. 2.3 shows an ultrasound image of the left heart recorded in the apical long-axis view
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during ventricular ﬁlling. The ultrasound probe is then positioned directly above the apex pointing
towards the subject’s right shoulder. The apical long-axis view allows visualization of the LV, the LA,
the MV and the AoV as indicated in the recorded image (Fig. 2.3). The AoV is here closed, whereas
the MV has started to drift back towards its closed position after the ﬁrst rapid ﬁlling.
Figure 2.3: An ultrasound image of the left heart recorded in the apical long-axis view during ventric-
ular ﬁlling. The AoV is closed, whereas the MV has started to drift back towards its closed position
after the ﬁrst rapid ﬁlling. The ultrasound acquisitions were performed at St. Olavs University Hos-
pital, Trondheim, May 2006.
2.1 Cardiac cycle
The heart is, as mentioned, responsible for pumping blood through the circulatory system. The system
is split into two separate circuits, called the systemic and the pulmonary circuit. The heart can be seen
as a double pump, where the right side of the heart pumps deoxygenated blood into the pulmonary
circulation and the left heart pumps oxygenated blood through the systemic circulation.
In the pulmonary circle, deoxygenated blood enters the right atrium from the venae cavae, from
here it ﬂows into the right ventricle which contracts and forces the blood through the pulmonary
arteries and into the lungs. In the lungs the blood gets oxygenated before it returns to the left atrium
via the pulmonary veins (PVs). The blood has now entered the systemic cycle. The left atrium guides
the blood into the left ventricle which is the most powerful chamber. The ventricle ejects the blood
into the aorta, which then distributes the blood throughout the body via a network of blood vessels,
before the venae cavae bring the blood back into the right atrium where the process restarts.
The sequence of events that occur in the heart during one heart beat is called the cardiac cycle.
The events occur nearly simultaneously for the right and left heart. The typical resting heart rate in
adults is 60 - 90 beats per minute (bpm). A physically ﬁt person has a lower heart rate as compared
to an inactive person.
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Each heart beat is commonly divided into two main phases: systole and diastole. Systole and
diastole are synonymous with the contraction and relaxation of a heart muscle, respectively. Both the
atria and the ventricles go through these two stages every heart beat, but when we refer to the terms
diastole and systole alone, we often mean the ventricular ones. Fig. 2.4, illustrates the correspondence
between the relaxation and the contraction of the chambers with respect to the ventricular phases. Fig.
2.5, illustrates how the blood travels through the heart during ventricular diastole and systole.
 Ventricular systole Ventricular diastole 
Ventricles Contract Relax 
Atria Relax Relax Contract 
Figure 2.4: The ﬁgure illustrates the correspondence between the relaxation and the contraction of
the atria and the ventricles with respect to the ventricular diastole and systole.
 
Figure 2.5: The two ﬁgures illustrate how the blood travels through the heart during ventricular
diastole and systole (used with permission from Klabunde [60]).
To analyze the events in more detail, the cardiac cycle can be divided into several stages. From a
ventricular view, seven phases can be considered:
• Phase 1: Atrial contraction
• Phase 2: Isovolumetric contraction
• Phase 3-4: Rapid and reduced ejection
• Phase 5: Isovolumetric relaxation
• Phase 6-7: Rapid and reduced ﬁlling
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The timing of the events can be seen in Fig. 2.6. The diagram show the pressure variations
in the LA, the LV and the aorta, the LV volume change and the aortic outﬂow rate throughout one
cardiac cycle. The opening and closing events of the valves are indicated with a star. A typical
electrocardiogram (ECG) tracing is shown at the bottom. The cycle in Fig.2.6 lasts for 800 ms, which
corresponds to a heart rate of 75 bpm. As seen in the diagram, the cardiac cycle is deﬁned to begin at
the onset of atrial contraction, namely phase 1. In the following, the seven phases will be explained
for the left heart. However, the same events occur in the right heart where an equal amount of blood
has to be ejected, the main difference is that the pressure is signiﬁcantly higher in the left heart.
• Phase 1: This is deﬁned as the ﬁrst phase of the cardiac cycle and is initiated by the P wave of
the ECG. It is the last part of the ventricular diastole; all chambers are relaxed and the LV are
partially ﬁlled with blood. There is hardly any transmitral ﬂow at this stage because the pressure
in the LA and LV are almost equal. As the atria contract, the intra-atrial pressure increases (also
known as the a atrial pressure wave), causing an additional rapid ﬂow of blood into the LV. This
is called the second ﬁlling wave or the A-wave. The pressure in the LA exceeds the pressure
in the veins, but only small amounts of back ﬂow into the veins occur. Atrial systole lasts for
approximately 100 ms. For a person at rest, atrial contraction may contribute to about 10% of
ventricular ﬁlling, while for a person at higher heart rates, this extra ﬁlling may account for up
to 40% of left ventricular ﬁlling [59]. The volume of blood inside the LV at the end of phase 1
is called the end-diastolic volume (EDV).
• Phase 2: : This is the ﬁrst stage of ventricular systole. The ventricle starts to contract causing
the intraventricular pressure to rise rapidly. As the intraventricular pressure exceeds the atrial
pressure, the mitral valve closes immediately. The ventricle is now a closed chamber. For a
short time, the pressure continues to rise rapidly while all valves are closed. During this phase
there is no volume change and the contraction is, therefore, said to be isovolumetric. The rapid
increase in LV pressure causes a subsequent bulging of the mitral valve into the LA, this can be
observed as a small peak in the atrial pressure called the c atrial pressure wave.
• Phase 3: Once the ventricular pressure exceeds the pressure in the aorta, the aortic valve opens
and a rapid ejection of blood into the aorta starts. The ventricular muscles begin to shorten and
the ventricular volume decreases. As seen in Fig.2.6, the pressure gradient between the aorta
and the LV is quite small. This is possible because of the relatively large aortic opening (i.e.,
low resistance). As a result of LV contraction and shortening, the mitral ring descends and the
LA expands slightly, thus a fall in LA pressure occurs. Venous blood continues to ﬂow into the
LA from the veins and the atrial pressure begins once again to rise.
• Phase 4: A decline in ventricular active tension causes relaxation of the muscles and reduced
LV pressure. The period of reduced ejection has now started. The LV pressure decreases
gradually and falls slightly below the aortic pressure, which is also decreasing. However, the
blood continues to ﬂow out of the LV due to inertial effects. At the very end of systole, the LV
pressure falls even faster and the blood begins to ﬂow back towards the LV. The blood ﬂows
into the cusps of the aortic valve which close abruptly. The passive ﬁlling of the atrial chamber
continues during this period and to the end of phase 5.
The amount of blood remaining in the LV when the aortic valve closes is deﬁned as the end-
systolic volume (ESV). The total volume of blood ejected during systole is called the stroke
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volume (SV) and is deﬁned as: SV = EDV − ESV . In a normal resting heart, the total
ventricular systole, phase 2-4, lasts approximately 270 ms having a SV around 70-80 ml [83].
• Phase 5: After the aortic valve closes, the ventricle continues to relax and the pressure decreases
further. The LV volume remains constant because all valves are closed. This is the period of
isovolumetric relaxation and the very beginning of ventricular diastole. The atrial pressure is
now at its maximum after a slow pressure build up during phase 3 to 5. This is the peak of the
v atrial pressure wave.
• Phase 6: When the LV pressure drops to below the pressure in the LA, the mitral valve opens
rapidly. The blood accumulated in the atrium during systole will now ﬂow into the LV. This
is called the ﬁrst rapid ﬁlling or the E-wave. Both the ventricular and the atrial pressure con-
tinue to fall in this period, the atrial one because it is emptying into the LV and the ventricular
one because it still undergoes relaxation. The ongoing LV relaxation creates an additional suc-
tion which draws even more blood from the LA. The LA volume decreases, while the LV is
expanding.
• Phase 7: As the LV continues to ﬁll and expand it becomes less compliant and the LV pressure
starts to increase again. This reduces the pressure gradient between the two chambers and the
ﬁlling slows. The LV is now in the reduced ﬁlling phase or diastasis. During this period the
PVs reﬁll the LA and restore a positive atrioventricular pressure gradient.
The diastolic period continues through atrial systole (phase 1) in the next heart beat. The total
ventricular diastole, phase 5-7 and phase 1, lasts for about 430 ms in a resting heart at 75 bpm.
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Figure 2.6: The diagram shows the timing of various events occurring in the left heart during one
cardiac cycle (adapted from Rooke and Sparks Jr. [91]).
14 CHAPTER 2. ANATOMY AND PHYSIOLOGY OF THE HEART
2.2 The mitral apparatus
The mitral valve, also called the bicuspid valve, requires all its components in order to work properly.
The components are the mitral annulus, the two mitral valve leaﬂets, the papillary muscles (PMs) and
the chordae tendineae (abbreviated chordae), together they are called the mitral apparatus. The PMs
and the chordae are also known as the subvalvular apparatus. The different components are indicated
in Fig 2.7.
Figure 2.7: The structure of the mitral apparatus (adapted from Carpentier et al. [19]).
2.2.1 The mitral annulus
The mitral annulus is a ring of ﬁbrous tissue, which surrounds and supports the mitral oriﬁce and
anchors the two leaﬂets. The normal mitral valve oriﬁce area in vivo ranges from 5.0 to 11.4 cm2
(mean 7.6 ± 1.9 cm2 ) [90]. The shape of the annulus approximates a hyperbolic paraboloid, often
described as a three-dimensional saddle. Studies indicate that the saddle shape of the annulus might
play an important role in optimizing chordal force distribution [52] and reducing leaﬂet stress [96].
2.2.2 The mitral valve leaﬂets
The mitral valve consists of two leaﬂets; the anterior and the posterior leaﬂet. Their size and circum-
ferential length are quite different. The anterior leaﬂet is adjacent to the aortic artery and occupies
one third of the annular circumference, whereas the posterior leaﬂet occupies the rest.
The anterior leaﬂet is largest and the leaﬂet is actually big enough to cover the mitral oriﬁce alone.
The posterior leaﬂet has a more supporting role and its movement is more restrained by the tendinous
cords. During ventricular ﬁlling the soft leaﬂets comply and fold into the ventricle, allowing blood to
pass freely. During valve closure the leaﬂets will fold towards each other, forming a seal. This seal is
called the coaptation zone. When the coaptation height is more than 7 mm, measured from the tip to
the point where the coaptation ends, the valve is usually competent and there will be no regurgitation
[87].
2.3. BLOOD FLOW 15
2.2.3 The subvalvular apparatus
The subvalvular apparatus lies completely in the LV and is made up by the papillary muscles and the
chordae tendineae (see Fig 2.7).
There are two papillary muscles in the left ventricle; the anterolateral one and the posteromedial
one. The PMs are cone-shaped muscles extending upward from the ventricular free wall and into the
LV cavity. The chordae tendineae are string-like ﬁbrous structures which terminate from the tip of
the PMs and insert into the ventricular surface of the mitral leaﬂets. Both of the PMs have chordae
attachments to both of the leaﬂets. The chordae divide into branches. There are between 15 and 32
major chordal trunks arising from the PMs [63], on the other end, approximately 100 individual cords
are attached to the two leaﬂets.
The main function of the subvalvular apparatus is to prevent the valve leaﬂets from being everted
into the atrium when the ventricle contracts. During systole, the PMs contract to tighten the chordae
tendineae. The forces exerted by the leaﬂets on the cords are then transferred to the PMs, hence they
have an essential role in load bearing of the mitral valve during LV contraction. The distance between
the PMs tips and the mitral annulus is approximately constant during systole [98]. During diastole,
the PMs elongate to allow coaptation between the valve leaﬂets.
2.3 Blood ﬂow
The earliest attempts to study blood ﬂow were probably made by Young and Poiseuille in the 17th
century. Many attempts have been made in order to develop a general constitutive equation for blood.
However, a theoretical reliable model which covers all relevant regimes of physiological blood ﬂow
still not exist. The study of the movements of blood and of the forces concerned is often referred to
as hemodynamics.
Blood is a multipart medium consisting of cells and cell fragments suspended in a liquid. The
liquid is called plasma and makes up about 55% of the total blood volume. Plasma is composed of
91.5% water, 7% proteins and 1.5% other solutes [103]. The remaining 45% of the blood volume
consists of different blood cells, also called hematocytes. The three main kinds of hematocytes are
the red blood cells (RBCs), the white blood cells (WBCs) and cell fragments called platelets. Under
physiological conditions the WBCs and the platelets occupy only 1/600th and 1/800th of the total cell
volume, respectively [84], i.e. the RBCs accounts for the major part of the cellular blood volume.
The volume fraction of RBCs in whole blood is called the hematocrit level.
Plasma alone behaves like a Newtonian ﬂuid with a dynamic viscosity1of 1.2 · 10−3 kg/(m · s) at
37 ◦C [58]. However, due to the high cellular content, the whole blood behaves like a non-Newtonian
ﬂuid. The cardiovascular system is a network of vessels with geometries varying from the smallest
vessels in the capillary network to the large heart chambers. It is therefore useful to characterize
hemodynamic properties in terms of the environment in which the blood ﬂows. In the smallest vessels
the inner diameter is about the same size as the RBCs, ranging from 4 to 8μm [84]. When blood ﬂows
through these vessels, the RBCs have to be squeezed and deformed and move in single ﬁle [41]. The
blood can then be characterized as highly non-Newtonian. However, in the largest arteries and in
the heart chambers, the non-Newtonian effects are weak because of the large dimensions. The blood
can then be considered as a homogeneous ﬂuid with Newtonian properties i.e. a constant coefﬁcient
1Dynamic viscosity is a property that characterizes the frictional resistance of a ﬂuid to ﬂow
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of viscosity. The dynamic viscosity of blood in large vessels at normal physiological conditions is
3.5 · 10−3 kg/(m · s) [58].
Another common assumption is that blood is an incompressible ﬂuid. The assumption of incom-
pressibility comes from the fact that the density is unaffected by the pressure in the range of pressure
concerned in physiology. The density is assumed to be in the range 1050-1060 kg/m3 [106].
Blood is modelled as an incompressible, Newtonian ﬂuid throughout this thesis.
Chapter 3
Numerical simulations of cardiac blood ﬂow
Biomechanical problems are most often multidisciplinary and can involve elements from several do-
mains like ﬂuid mechanics, structural mechanics, electromechanics, scientiﬁc computing, mathemat-
ical modelling etc. Computational cardiac modelling and simulation are no exception. The heart is a
highly complex organ where the ﬂow, structural and electrical phenomena are tightly coupled. Elec-
trical signals trigger mechanical activation, the heart walls contract and blood is ejected out in the
body. However, this is not a one-way system, the blood ﬂow inﬂuences the vessel wall mechanics and
the deformation of the tissue again inﬂuences the electrical properties. A fully integrated model is the
most promising tool for solving the overall heart function. However, a fully coupled physiological
model of the heart which is clinically feasible still not exist. With the aim of getting into clinical
research in a shorter time, separate approaches are currently more common. In this thesis the focus
is on the hemodynamics in the left side of the heart. Electromechanics and material models of the
myocardium and the heart valves are therefore not considered.
The numerical techniques used for solving problems involving ﬂuid ﬂows are often referred to as
computational ﬂuid dynamics or CFD. Different approaches have been suggested in order to create
CFD models of cardiac blood ﬂow. All studies have various shortcomings and none of the models
are yet applicable on a clinical basis. In this chapter, some aspects of cardiac CFD simulations will
be presented and brieﬂy discussed. A short overview of the choices made for the CFD models in this
thesis is provided in the last part of the chapter.
3.1 CFD approaches
The numerical simulations of cardiac blood ﬂow can roughly be classiﬁed into two main groups as
illustrated in Fig. 3.1. First, ﬂuid structure interaction or FSI models, which take into account the
interaction between the ﬂuid ﬂow and the surrounding tissue. Second, geometry-prescribed CFD
models, which use prescribed wall movements as a boundary condition for the CFD simulation. The
two methods cannot be considered as alternatives to each other, but approaches in their own right
[99].
In a FSI simulation, the ﬂuid ﬂow exerts forces on the surrounding structure, the structure will then
deform and in turn, affect the ﬂuid ﬂow. Hence, a FSI problem consists of a structural problem and a
ﬂow problem coupled together. The FSI problems can be solved using a monolithic or a partitioned
approach. In the monolithic approach the structural equations and the ﬂow equations are solved
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Figure 3.1: The numerical simulations of cardiac blood ﬂow can roughly be classiﬁed into two main
groups as illustrated in the ﬂowchart. The ﬂowchart also gives an overview over the main techniques
used to solve the FSI problems. A brief description of the techniques illustrated in the ﬂowchart is
provided in the text.
simultaneously using a single code. In the partitioned approach the structural equations and the ﬂow
equations are solved within separate codes. The separate codes might be in-house codes or existing
commercial solvers as long as they are treated as black boxes [30]. The partitioned approach requires
a coupling algorithm which can couple the ﬂuid and the structural systems in a stable way and assure
convergence within a reasonable amount of time.
As illustrated in Fig. 3.1, the partitioned approach can be further categorized as implicit or explicit
coupling [29]. In the implicit (also known as strongly coupled) partitioned techniques, iterations are
performed within each time step until equilibrium between the ﬂuid and the structure is achieved. In
the explicit (also referred to as weakly or loosely coupled) partitioned techniques, the ﬂow equations
and the structural equations are solved only once or a ﬁxed number of times within each time step.
The lack of coupling iterations within each time step reduces the computational cost, but equilibrium
is not necessarily achieved and the coupling scheme might become unstable. The explicit technique
is therefore only sufﬁcient when the interaction between solid and ﬂuid is weak. If the interaction is
strong, an implicit coupling technique is needed. The interaction is strong if for example the density
ratio of ﬂuid and structure is high, the ﬂuid is incompressible or the structure is very ﬂexible.
In a geometry-prescribed CFD simulation the boundary motion is known a priori. The geometry-
prescribed CFD method is therefore a one-way approach which does not consider the interaction
with the structure. This simpliﬁes the modelling because there is no need for a material model or a
numerical scheme capable of simulating the coupled system. However, a deforming geometry and a
CFD solver capable of handling the large deformations of the ﬂuid domain is necessary.
3.1.1 Deforming ﬂuid domain
Traditionally, CFD simulations have been performed in domains which do not deform. In biome-
chanical problems, this is often not the case. There exist several techniques for calculating the ﬂow
equations in a deforming ﬂuid domain. The techniques might be divided into two main categories.
These are the ﬁxed grid methods and the moving grid methods as illustrated in Fig. 3.2.
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Figure 3.2: The ﬂowchart illustrates the main methods for calculating the ﬂow equations in a deform-
ing ﬂuid domain.
The ﬁxed grid method is a non-boundary ﬁtted method for which the ﬂuid mesh remains unal-
tered in time. The inﬂuence of the structure is introduced by momentum sources in the momentum
equations of the ﬂow [117]. The ﬁrst non-boundary ﬁtted method was proposed by Peskin [79] and is
now known as the immersed boundary method [80]. Another similar approach is the ﬁctitious domain
method described by Glowinski et al. [43]. The ﬁctitious domain method can be seen as the ﬁnite el-
ement (FE) version of the immersed boundary method which is developed within the ﬁnite difference
(FD) framework.
An advantage of the ﬁxed grid methods is that the ﬂow solver can be simple and fast because the
ﬂuid grid does not have to deform. A major drawback, on the other hand, is the loss of accuracy near
the ﬂuid-structure interface.
The moving grid method is a boundary ﬁtted method where the ﬂuid mesh moves with the mov-
ing interface throughout the computation. A common technique is to use the Arbitrary Lagrangian-
Eulerian (ALE) formulation to express the Navier-Stokes equations on the moving grid. The ALE-
formulation combines the best features of the Lagrangian and Eulerian descriptions and was ﬁrst
proposed by Donea et al. [34]. In the Eulerian formulation, the grid is ﬁxed and the material moves
through it. In the Lagrangian formulation, every grid point moves at the same velocity as their associ-
ated material point. In the ALE-formulation the grid and the material can move at different velocities.
In other words, the grid can deform at an arbitrary velocity and not necessarily at the velocity of the
ﬂuid, hence the name. At the ﬂuid-structure interface, the ﬂuid grid follows the velocity of the struc-
ture. The resulting grid displacements at the interface will, in turn, be extended to the rest of the ﬂuid
domain by some mesh updating method. A common mesh updating method is called spring-based
smoothing. In this method, the edges between any two mesh nodes are replaced by springs (see Ansys
Fluent User’s guide for more details on spring-based smoothing). However, if the deformations of the
boundaries are large compared to the local cell sizes in the applied mesh, the grid elements might be-
come ill-shaped, and hence, the spring-based smoothing alone is not sufﬁcient. The solution is often
to apply another mesh updating technique called local remeshing. The cells that violate some prede-
ﬁned criteria will then be remeshed when going to the next time step. However, frequently remeshing
will increase the computational time. Another drawback is that the interpolation from the old to the
new grid will introduce errors.
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A great advantage of the ALE-formulation is that the wall shear stress at the ﬂuid-structure inter-
face can be calculated accurately. This is important in cardiac CFD simulations.
In this thesis, the ALE formulation has been used to express the Navier-Stokes equations on the
moving grid. Due to the large deformations of the boundaries (both translations and rotations), both
spring-based smoothing and local remeshing have been applied to update the ﬂuid mesh.
3.2 Modelling the heart chambers
3.2.1 Time-varying geometry
Cardiac CFD simulations require detailed information about the geometry and the time-varying mo-
tion of the heart chambers. In the geometry-prescribed CFD approach, an initial geometry and a
prescribed boundary motion needs to be implemented in the model. In the FSI approach, an initial ge-
ometry and an appropriate material model for calculating the mechanical behaviour of the vessel wall
is necessary. The FSI approach is promising, but currently no FSI method solves this problem with
high accuracy. For a clinical in situ analysis and evaluation of cardiac ﬂow, a geometry-prescribed
CFD method is today better suited [99]. It is important to remember that the blood ﬂow pattern will
be the same whether the same wall motion is prescribed or computed by a coupled solution.
In both approaches, the geometries might be simpliﬁed and idealized or obtained from medical
imaging. By simplifying the complex geometries to idealized models, valuable information might be
lost. On the other hand, simpliﬁed models might be important pioneering steps on the way to more
reﬁned models. By rendering the geometries from medical imaging data, subject-speciﬁc CFD models
might be obtained. Subject-speciﬁc CFD simulations can provide ﬂow details on a level not possible
by medical imaging alone. Such quantitative information can help us to understand the complex ﬂow
phenomenon occurring under both normal and pathological conditions.
The objective of this thesis was to use models and methods that could contribute to a better un-
derstanding of cardiac blood ﬂow. In order to get sooner into clinical research, a geometry-prescribed
CFD approach was chosen for the heart chambers. To obtain physiologically representative models,
the time-varying geometries were rendered from medical imaging data. To understand pathological
conditions we ﬁrst have to understand the blood ﬂow under healthy conditions. In this thesis we have
mainly focused on the hemodynamics occurring under healthy conditions. We have therefore used
the term ”subject-speciﬁc models” instead of ”patient-speciﬁc models” because our models are based
on healthy people.
3.2.2 Subject-speciﬁc models based on medical imaging
Different imaging modalities like CT, MRI and ultrasound have in recent years been supported by
simulation tools. CT has not been used in this thesis and will not be discussed further.
In most numerical studies, MRI has been used to obtain the transient geometries. MRI has a clear
beneﬁt with respect to image quality and has the advantage of producing anatomically detailed and
functionally accurate datasets. MRI has also been a 3D method since its beginning. A drawback,
however, is that the cardiac valves are less distinguishable due to high signal from blood. The recon-
struction of a 4D (3D + time) volume is achieved over multiple heart cycles something which requires
long acquisition time and the need for respiratory gating. A long acquisition time increases the cost of
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the examination and inter-slice alignment errors might also occur due to different diaphragm positions
in subsequent breath holds. MRI recordings cannot be performed on people with metallic implants,
like some artiﬁcial heart valves. In such cases, MRI is not feasible for model building purposes. Due
to high cost and complexity, the use of MRI is restricted on cardiac patients.
Cardiac ultrasound, often referred to as echocardiography, is, among medical doctors, the most
applied method for diagnosing the heart. The particular strength of ultrasound is its ability to record
moving structures in real-time and it can therefore be used to help guide invasive procedures. It is
also a relatively easy and cost effective imaging technique. Another important advantage of echocar-
diography is the clear visualization of the cardiac valves. However, echocardiography yields larger
inter-subject variation in image quality than MRI. 2D ultrasound has been on the market for several
decades. 3D ultrasound, on the other hand, was ﬁrst introduced by Philips in 2002. Since then,
other providers of ultrasound systems have released systems with real-time 3D capabilities [25]. 3D
ultrasound has undergone large improvements the last few years, and both image quality and tem-
poral resolution are now at a level that makes it possible to extract high quality 3D geometries and
deformations. There exists an extensive amount of 2D echocardiographic patient data. Now, 3D
echocardiography is gaining popularity as a routine clinical tool.
In this thesis, we have mainly focused on building models based on cardiac ultrasound. There
were several reasons for this choice. One is the extensive amount of patient data available and that
ultrasound is the major imaging tool in cardiology. Furthermore, we assume that developing models
from ultrasound data instead of MRI data might result in a more cost-effective, clinically viable tool
with a broader area of application. If for example in-vivo recordings from patients with mechanical
heart valves are necessary, ultrasound is better suited than MRI. Ultrasound also allows for real-time
inter-active display of image data and therefore has the potential to help in guiding treatment. Another
important beneﬁt of using ultrasound in this project is our close collaboration with the medical ul-
trasound research group in Trondheim and their cooperation with GE Vingmed Ultrasound. Through
this collaboration, we have access to the newest methods and latest developed segmentation tools.
3.2.3 The left ventricle
Most of the computational models of the heart have focused on the LV. The earliest work was mainly
generic and did not rely on subject-speciﬁc data. In the last decade, both computational and imaging
resources have increased and enabled the opportunity to create more reﬁned subject-speciﬁc models.
In the beginning of the thesis, the 2D geometry of the LV was rendered from 2D echocardiographic
recordings by a post-processing operation of EchoPAC PC (version 6.0.0, GE Vingmed Ultrasound,
Norway) called speckle tracking (see chapter 6 and 7 and appendix A). In 2009, a mesh-based surface-
tracking method called 4D AutoLVQ was introduced. 4D AutoLVQ provides a graphical output of
pure 4D volume data from RT3DE. In the last part of the thesis, it was therefore possible to create a
3D model of the LV from RT3DE (see chapter 9 and appendix A). The endocardial border was here
rendered using the AutoLVQ tool on an EchoPAC software workstation (version BT 11, GE Vingmed
Ultrasound, Norway).
3.2.4 The left atrium
Relatively few studies have focused on modelling the LA. While the ventricular models have gotten
more reﬁned, the models of the left atrium are still mostly oversimpliﬁed. Even if the LA provides
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the inlet conditions for the ventricle during diastole, the LA is most often excluded in simulations
of intraventricular and transmitral ﬂow. The atrial cavity is then replaced by an approximated inlet
condition imposed directly at the mitral opening or at the end of some tube. However, the LA is far
from being a passive transport chamber prior to the LV [14]. According to Fyrenius et al. [42], the
normal LA has important roles in optimizing left ventricular ﬁlling.
It is possible to render the atrial geometry with 4D AutoLVQ, but, the details of the complex 3D
LA geometry like the left atrial appendix and the entry locations of the pulmonary veins are today
not easily detectable with this software. MRI is more effective in providing detailed and complete
imaging of the LA and its PVs. In our 3D study of intra-atrial ﬂow, we therefore chose MRI to
provide the 3D geometry of the LA (see chapter 8).
3.2.5 Uncertainties
When numerical simulations are performed, the uncertainties should be addressed to know which
errors that might have an inﬂuence on the simulation results. When the CFD models are based on
medical imaging, the uncertainties will mainly originate from three stages. The ﬁrst stage is the
recordings of the medical images, the second is the segmentation and the subsequent geometrical
reconstruction and the third is the numerical simulations.
To control whether the CFD model produces physiologically representative results, some valida-
tion is necessary. However, validations are generally difﬁcult for subject-speciﬁc modelling because
of the lack of a non-invasive gold standard for individual cases [65]. In-vivo ﬂow measurements
might be used to give an indication whether the results are within the physiological range. Both
Echo-Doppler ﬂow imaging and MR phase mapping can be used to obtain in-vivo ﬂow measurements.
However, a drawback of all techniques for measuring blood ﬂow velocity in-vivo is the absence of a
standard of reference. The overall error in the measurements is therefore difﬁcult to estimate [67].
In this thesis, simulation results have been compared with in-vivo ﬂow measurements obtained
with MR phase mapping (see chapter 8 and appendix A). There are some challenges and limitations
associated with MR ﬂow measurements [24, 56]. However, MR is currently considered as the gold
standard for non-invasive quantiﬁcation of blood ﬂow and velocity.
3.3 Modelling the mitral valve
The mitral valve has a complex geometry and movement pattern. The two mitral leaﬂets are thin,
rapidly moving structures which undergoes large deformations during a heart cycle. To model the
MV is a challenging task. Currently, there is no single method which is applicable to every problem.
To ﬁnd the method which is best suited, one should focus on the features of the given problem. If the
interest lies only on the mechanical behaviour of the valve, the interaction with the ﬂuid ﬂow does not
have to be considered. If the focus is purely on the ﬂuid dynamics, then the motion of the leaﬂets can
be prescribed, e.g. from experimental data or medical imaging data. If it is important to have ﬂow
driven leaﬂets, an FSI approach is necessary.
Another aspect is whether the problem requires rigid or ﬂexible heart valves or if a subject-speciﬁc
model is desired. The majority of published heart valve models have focused on ﬂuid motion near
a monoleaﬂet or bileaﬂet mechanical valve in a steady ﬂow [66]. A subject-speciﬁc model of the
mitral valve is, on the other hand, a very challenging task. A subject-speciﬁc FSI model will require
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subject-speciﬁc material parameters, something which is difﬁcult or not even possible to obtain for
a heart valve. A subject-speciﬁc geometry-prescribed model will require detailed information of the
valve dynamics from medical imaging data, currently such information is difﬁcult to obtain. Tech-
nical advances have enabled echocardiography to identify valve structures and the time resolution in
echocardiographic recordings is also sufﬁcient enough to capture the leaﬂets’ motion. But, due to
their rapid movement, the time-dependent shape of the valve leaﬂets is not easily extractable. There
does not exist any automatic tool for valve segmentation, thus, manual tracking is the only alternative
available today.
In the ﬁrst part of the thesis, we focused on ﬂow driven rigid leaﬂets (see chapter 6 and 7). We
wanted to simulate two rigid, asynchronously moving mitral leaﬂets during ventricular ﬁlling. For
this purpose we chose the partitioned FSI technique. Because the leaﬂets strongly interact with the
surrounding ﬂuid, an implicit coupling scheme was necessary to achieve equilibrium between ﬂuid
and structure. The implicit coupling scheme presented in chapter 6 is an extension of the coupling
scheme for one leaﬂet developed in Vierendeels et al. [117] and validated in Dumont et al. [35].
The FSI algorithm was tested in a 2D simulation, where the mitral valve was rendered as two rigid
asymmetric leaﬂets with lengths obtained from ultrasound recordings. The algorithm applies to 3D
structures as well.
In the last part of the thesis, we focused on the ﬂuid dynamics in a subject-speciﬁc 3D model of
the LV (see chapter 9). The prescribed ventricular boundary conditions were obtained from RT3DE.
A physiological representation of the MV was also desired in this 3D model. Because 3D tracking
of heart valves from medical imaging data is a complicated and time-consuming task, we chose to
use an advanced 3D ﬁnite element material model to represent the MV geometry [85]. A transient
simulation of the FE MV model in Abaqus provided us with the time-dependent systolic movement
of the valve. This prescribed valve motion was subsequently implemented as a boundary condition
in the 3D CFD model. The FE MV model is not subject-speciﬁc, however the valve model can be
modiﬁed to follow different subject-speciﬁc valve proﬁles, e.g. rendered from 2D echocardiographic
images.
In addition, an initial study on how the curvatures of the mitral leaﬂets inﬂuence the systolic ﬂow
ﬁeld is provided in appendix A. In this study we wanted to have full control of the valve motion, we
therefore chose prescribed leaﬂet dynamics. The study was ﬁrst performed in 2D, then in 3D. In the
2D study, we wanted to simulate two different types of leaﬂet curvatures and thereby compare the
resulting ventricular ﬂow ﬁeld. For the ﬁrst model, normal, healthy leaﬂet dynamics were desired.
Hence, a code for tracking structures in 2D ultrasound images was written and used to obtain the
systolic motion of the valve in a healthy subject. For the second model, we wanted a more irregular
valve curvature with a higher degree of billowing. For this purpose the transient cross-sectional
valve proﬁle of the 3D FE MV model [85] was implemented as a boundary condition in the 2D
simulation. An initial 3D CFD simulation was also performed. For this simulation we used the 3D
model introduced in chapter 9, but with a modiﬁed MV geometry.
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Summary of appended papers
PAPER 1 (chapter 6):
FSI-simulation of asymmetric mitral valve dynamics during diastolic ﬁlling
S.K. Dahl, J. Vierendeels, J. Degroote, S. Annerel, L.R Hellevik and B. Skallerud
Computer Methods in Biomechanics and Biomedical Engineering, 15(2), 121-130, 2012
In this article, we present an implicit coupling algorithm for the partitioned ﬂuid structure interaction
simulation of two asynchronously moving rigid bodies. The mutual interaction between the two bod-
ies was accounted for by including the full Jacobian in the coupling iterations. The algorithm was
used to perform a numerical simulation of mitral valve dynamics during diastolic ﬁlling. In numerical
simulations of intraventricular ﬂow and mitral valve motion, the asymmetry of the leaﬂets is often ne-
glected. In this study the valve was rendered as two rigid, asymmetric leaﬂets. The two-dimensional
simulations incorporated the dynamic interaction of blood ﬂow and leaﬂet motion and an imposed
subject-speciﬁc, transient left ventricular wall movement obtained from ultrasound recordings. By
including the full Jacobian matrix in the algorithm, the speed of the simulation was enhanced and
the total computational time was reduced by 22,5 % compared to using a diagonal Jacobian matrix.
Furthermore, our results indicate that important features of the ﬂow ﬁeld may not be predicted by the
use of symmetric leaﬂets or in the absence of an adequate model for the left atrium.
PAPER 2 (chapter 7):
An assessment of left atrial boundary conditions and the effect of mitral leaﬂets on left ven-
tricular ﬁlling
S. K. Dahl, E. Thomassen, J. Vierendeels, L. R. Hellevik and B. Skallerud
The paper is partly based on: MekIT’09: Fifth National Conference on Computational Mechanics,
Trondheim 26-27 May 2009. Tapir Akademisk Forlag 2009, ISBN 978-82-519-2421-4: p. 135-149
Inﬂow conditions are of great importance in numerical simulations. The aim of this study is to investi-
gate, qualitatively, the effect of the left atrial geometry and the mitral valve on the ﬂow ﬁeld in the left
heart. The study is performed through two-dimensional numerical models: a reference model which
includes both an atrium and ﬂow driven leaﬂets and two modiﬁed models where either the atrium or
the leaﬂets are excluded. Our results indicate that atrial vortices will be generated if a more physio-
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logical representation of the atrium and venous inﬂows are included. The atrial vortices will cause a
nonuniform velocity proﬁle across the mitral opening, which in turn, inﬂuence the dynamics of the
leaﬂets and the intraventricular ﬂow pattern. To which extent the leaﬂets inﬂuence the intraventricular
ﬂow is a matter of discussion in the literature. Our simulations, with their limitations, indicate that
the leaﬂets play a major role in the development of the ﬂow ﬁeld. The leaﬂets form an inﬂow tract
which guides the ﬂow into the ventricular cavity. The anterior leaﬂet also blocks the aortic outﬂow
tract during ﬁlling and prevents vortices from being formed in this area.
PAPER 3 (chapter 8):
Impact of pulmonary venous locations on the intra-atrial ﬂow and mitral plane velocity pro-
ﬁle
S. K. Dahl, E. Thomassen, L. R. Hellevik and B. Skallerud
Submitted 2011
In this paper we present a three-dimensional computational ﬂuid dynamics framework of the left
atrium and its pulmonary veins. The framework uses magnetic resonance imaging to render the
subject-speciﬁc atrial and venous geometries. The aim was ﬁrst to investigate the diastolic ﬂow ﬁeld
in an anatomically representative model of the left atrium and the pulmonary veins. Second, to in-
vestigate the impact of different venous entry locations on the intra-atrial ﬂow and on the resulting
mitral plane velocity distribution. Three 3D models with different venous entry locations were created
for this purpose. The mitral velocity proﬁle in the model with anatomically based venous positions,
showed qualitatively good agreement with the magnetic resonance ﬂow measurements. When com-
paring the ﬂow ﬁeld in the three models, the results clearly illustrate that the pulmonary veins have
a signiﬁcant impact on the intra-atrial ﬂow and the ﬁnal mitral plane velocity proﬁle. Because the
interpatient variability in venous number and branching patterns is large, the mitral plane velocity
proﬁle should be considered as a subject-speciﬁc property. Therefore, we suggest that in order to
obtain a physiological correct simulation of ventricular ﬁlling, a subject-speciﬁc representation of the
left atrial and the pulmonary venous anatomy should be included in the model.
PAPER 4 (chapter 9):
3D moving boundary conditions for heart CFD simulations - from echocardiographic record-
ings to discretized surfaces
S. K. Dahl, E. Fagerholt, G. Kiss, V. Prot, B. Amundsen, L. R. Hellevik and B. Skallerud
MekIT’11: Sixth National Conference on Computational Mechanics, Trondheim, 23-24 May 2011.
Tapir Akademisk Forlag 2011, ISBN 978-82-519-2798-7: p. 33-46
In this paper we present a technique concerning the creation of subject-speciﬁc 3D moving bound-
ary conditions for the simulation of ﬂow inside a pumping left ventricle. The method uses real-time
three-dimensional echocardiography to provide the time-dependent geometry of the left ventricular
wall. The endocardial border was then generated using a semi-automated tool (4D AutoLVQ). A
ﬁnite element mitral valve model was included in the left ventricular grid topology to represent the
geometry and movement of the valve leaﬂets. To validate the correlation between the model and the
echocardiographic recordings, the model was realigned with the original echocardiographic data. A
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reasonable agreement was obtained in this ﬁrst model. One beneﬁt of the presented approach is the
simplicity of using replaceable parts. The software is capable of incorporating different models of the
mitral valve, the outﬂow tract or the left ventricle, with a limited amount of user intervention.
4.1 Declaration of authorship
In paper 1, Sigrid Kaarstad Dahl built the model and performed all the numerical simulations. The
group of Jan Vierendeels provided the coupling algorithm between the ﬂow solver and the structural
solver, whereas Sigrid Kaarstad Dahl adapted the algorithm to the speciﬁc structural solver. She also
wrote the structural code. In paper 2, Sigrid Kaarstad Dahl built the models and performed all the
numerical simulations. In paper 3, Sigrid Kaarstad Dahl performed all the numerical simulations.
Espen Thomassen did the segmentation of the left atrium and created the geometrical models. Brage
Amundsen performed the MRI acquisitions at St. Olavs University Hospital, Trondheim, Norway.
In paper 4, Sigrid Kaarstad Dahl wrote the algorithms for creating 3D CFD models from echocar-
diographic data and further built the model. Victorien Prot and Bjørn Skallerud contributed with the
ﬁnite element model of the mitral valve. Egil Fagerholt and Gabriel Kiss contributed with knowledge
on image processing. Brage Amundsen performed the echocardiographic acquisitions and did the
subsequent segmentation at St. Olavs University Hospital, Trondheim, Norway.
In papers 1, 2, 3 and 4, Sigrid Kaarstad Dahl wrote the manuscripts. The co-authors contributed
constructive criticism that increased the scientiﬁc quality of the papers.
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Chapter 5
Conclusions and further work
5.1 Conclusions
Like most of the biomechanical problems, the project is multidisciplinary and involves scientiﬁc com-
puting, mathematical modelling, ﬂuid dynamics, structural mechanics and physiology. In this study
different framework for the simulation of the hemodynamics in the left heart has been developed.
Even though the work and applications in this thesis are focused on and motivated by gaining knowl-
edge of the blood ﬂow in the heart, the thesis also contributes to computational methodology for
cardiac modelling. The main ﬁndings and developments are listed below:
• An implicit coupling algorithm for the partitioned FSI simulation of two rigid leaﬂets has been
developed. The algorithm allows for asynchronous motion of two leaﬂets and is therefore also
suitable for simulating bileaﬂet mechanical heart valves. The mutual interaction between the
leaﬂets can be accounted for in the coupling iterations by including the full 2 × 2 Jacobian
matrix. We compared the difference in convergence rate when we used the full Jacobian matrix
versus the diagonal Jacobian matrix. The results show that including the full Jacobian matrix
in the coupling iterations signiﬁcantly enhanced the convergence rate and thereby the speed of
the simulation. Overall, the total computational time was reduced by 22.5%.
The algorithm was tested in a 2D simulation of the mitral valve during diastolic ﬁlling, where
the valve was modelled as two rigid, asymmetric leaﬂets. Our results indicate that important
features of the diastolic ﬂow ﬁeld may not be predicted by the use of symmetric leaﬂets or in the
absence of an adequate model for the LA, particularly during diastasis and atrial contraction.
The algorithm applies to 3D structures as well.
• Due to the complexity of the heart, the LA and the MV are often neglected in simulations of
ventricular ﬁlling. However, it is important to know what impact such limitations might have
on the resulting ﬂow pattern. A qualitative investigation of the inﬂuence of left atrial inlet con-
ditions and ﬂow driven mitral leaﬂets on the diastolic ventricular ﬂow pattern was performed.
Three 2D models were created. In the reference model both the LA and the ﬂow driven leaﬂets
were included, while in the two other models, either the LA or the leaﬂets were excluded. The
transient geometry of the LV was rendered from 2D echocardiographic recordings and the same
wall motion was implemented in all the three models. It is important to notice that although the
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investigated 2D models cannot simulate the real 3D ﬁlling process, some qualitative informa-
tion can be obtained.
We observed that in the model where the LA and some venous inﬂows were included, vortices
developed inside the LA during diastole. The atrial vortices caused a non-uniform velocity
proﬁle across the mitral opening, which in turn, inﬂuenced the dynamics of the leaﬂets and
the intraventricular ﬂow pattern. In the model where the inﬂow region was rendered as a tube
with the inlet at the far end, no vortices were generated in the inlet geometry and the resulting
mitral velocity proﬁle was approximately uniform. Based on our observations, we suggest that
a realistic representation of the atrium should be included in simulations of LV ﬁlling and MV
dynamics to achieve a physiologically representation of the velocity proﬁle at the mitral oriﬁce.
However, 3D simulations are necessary for quantitative information of the intra-atrial ﬂow ﬁeld
and the velocity distribution at the mitral plane.
No other studies have so far compared the intraventricular ﬂow ﬁeld with and without ﬂow
driven leaﬂets. The leaﬂets’ inﬂuence was signiﬁcant in our 2D study. The leaﬂets formed an
inﬂow tract which guided the ﬂow into the ventricular cavity and reduced the recirculation in
the aortic outﬂow channel due to the presence of the anterior leaﬂet. This is an important new
ﬁnding, but whether this is the case in a 3D ventricle with ﬂexible leaﬂets has to be investi-
gated further. Currently, such information is not easily available from 3D FSI models, due to
limitations in the computational concepts and computational power.
• An anatomically based 3D CFD model of the LA and its PVs was developed from MRI data
and used to investigate the ﬂow ﬁeld during diastole. Two additional models were constructed
in order to examine the impact of venous entry locations on the intra-atrial ﬂow and on the re-
sulting velocity distribution at the mitral plane. The intra-atrial ﬂow is made up of four crossing
jets ﬂowing into an asymmetric chamber and is therefore complex. Our results illustrate that
the locations of the PVs have a signiﬁcant impact on the intra-atrial ﬂow and the mitral velocity
proﬁle. Our ﬁndings indicate that asymmetric located PVs might prevent instabilities in the
ﬂow ﬁeld. We observed that in the anatomically representative model, where the PVs were
asymmetrically located, the venous jets ﬂowed towards the mitral plane without noticeable col-
lision. This model also produced a more uniformly distributed mitral ﬂow proﬁle with lower
maximal velocity than the two other models where the PVs were located at the same height.
The mitral plane velocity proﬁle in the anatomically representative model, showed qualitatively
good agreement with MRI ﬂow measurements.
Due to its complexity, it is very difﬁcult to predict the nature of the mitral jet by making general
deductions about the conditions under which the jet is formed. The interpatient variability in PV
number and branching patterns is large, hence, the mitral velocity proﬁle should be considered
as a subject-speciﬁc property. Therefore, a representative geometry of both the LA and the PVs
is essential for physiological simulations of LV ﬁlling and MV dynamics. Our ﬁndings may
inﬂuence future CFD studies regarding transmitral and intraventricular ﬂow.
• A technique for creating subject-speciﬁc 3D boundary conditions for simulations of intraven-
tricular ﬂow has been developed. The algorithms provide a framework for the coupling of
different data sets of the LV, the LVOT and the MV. Real-time 3D echocardiography was used
to provide the time-dependent geometry of the LV wall. As far as we know, this is the ﬁrst
subject-speciﬁc 3D CFD model rendered from RT3DE.
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It is difﬁcult to obtain the 3D dynamics of the mitral leaﬂets from medical imaging data. A 3D
FE MV model was therefore included in the LV grid topology to represent the geometry and
movement of the valve leaﬂets. The FE MV model was pre-simulated in Abaqus, however only
the systolic phase of the cardiac cycle was computed [85]. The prescribed valve motion and
the ﬁnal systolic curvature can be modiﬁed to follow different subject-speciﬁc valve curvatures,
e.g. rendered from 2D echocardiographic images.
To examine the correlation between this ﬁrst model and the echocardiographic recordings, the
model was realigned with the original echocardiographic data. A reasonable agreement was
obtained.
A preliminary CFD simulation of ventricular contraction was performed (Appendix A). As a
ﬁrst step for validation, the maximum velocity out of the LVOT was compared with in-vivo
velocity measurements from MR phase mapping scans. The MR acquisitions were taken at the
same day and in the same subject as the RT3DE acquisitions. Even if the velocities could not
be directly compared, the comparison with the in-vivo ﬂow measurements indicated that our
results were within the physiological range.
5.1.1 General remarks
It is feasible to generate input data to computational cardiac models from several types of medical
imaging modalities. However, developing models from ultrasound data instead of MRI data might
result in a more cost-effective, clinically viable tool with a broader area of application. For example
MRI acquisitions cannot be performed on people with metallic implants, like some artiﬁcial heart
valves. Due to the ﬁndings in this project, subject-speciﬁc geometries of the LA and PVs should be
included in simulations of LV ﬁlling. Though, we experienced that MRI was better suited to extract
the complex LA geometry and particularly to render the geometry and entry locations of the PVs.
However, considering the large improvements RT3DE and 4D AutoLVQ have undergone the last few
years, further development might lead to high quality ultrasound rendering of the LA and PVs as well.
Due to the strong dependency of ﬂow characteristics on the LV geometry and motion, the accuracy
of the 3D geometry is a key factor in numerical simulations of intraventricular ﬂow. It is well known
that there is a systematic bias between RT3DE and MR volume measurements where echocardiogra-
phy generates smaller volumes when compared to MRI [73]. This has to be taken into account when
simulation results are interpreted. Although, there is a negative bias in EDV and ESV estimation for
RT3DE measurements compared to MRI, the measured stroke volume lies in the same range as long
as the negative bias in EDV and ESV are approximately the same.
5.2 Directions for further work
• The various modules developed in this project should be coupled together to improve the out-
come of the simulations and to gain further knowledge about the hemodynamics in the left
heart. Thus, both the systolic and the diastolic phase should be included. The mitral valve can
be replaced by a BMHV where the developed FSI algorithm can be used for leaﬂet movement.
A BMHV can also be placed in the aortic position, something which is widely used in the clinic.
Another combination is to use a BMHV in the aortic position and the FE MV model as repre-
sented in Appendix A in the mitral position. The FE MV simulation should then be extended
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to include the diastolic movement as well. Another option is to do a FSI simulation where the
subject-speciﬁc chambers are coupled with the FE analysis of the MV model in a partitioned
FSI approach. However, subject-speciﬁc material parameters of the mitral valve are difﬁcult
or not even possible to obtain and the FSI simulation will not be subject-speciﬁc regarding the
mitral valve. FSI simulation of the complete valve closure is also a challenge, as the closed
valve will split the ﬂow domain in two separate regions. However, attempts of such simulations
have been performed [49].
• A simulation environment offers ﬂexible control of the boundary conditions and ﬂow param-
eters. This gives the opportunity to easily alter the models and further check how the ﬂow
responds to the applied changes. This can for example be used to reduce the movement of the
ventricular vessel wall or to change the orientation of a BMHV. Subject-speciﬁc models have
the potential to predict the outcome of procedures on an individual level and thereby improve
diagnosis and treatment planning. Thorough validation of the developed models is necessary
prior to their use in clinical settings.
• A future simulation model of the LA should include moving boundaries to correct for the in-
ﬂuence the wall motion has on the intra-atrial ﬂow ﬁeld. By including moving boundaries and
also the systolic phase, a more complete picture of the intra-atrial ﬂow pattern can be obtained.
• The ﬁrst subject-speciﬁc 3D CFD model based on RT3DE has been presented in this thesis.
Some future improvements of the LV model are listed below:
– The 3D LV model does not include LV torsion about the ventricular central axis. GE
Vingmed has a recently developed application called 4D strain, which enables the user
to follow material points and hence, to account for LV torsion. Effort should be put into
extending the current CFD model to incorporate the torsion as well.
– The papillary muscles and the chordae are missing in the LV model. Their inﬂuence on
the ﬂow ﬁeld should be investigated to determine whether the subvalvular apparatus is
important to include in future simulation models.
– The algorithms used to create the transient boundary conditions for the CFD simulation,
should be further improved to make the procedure more efﬁcient.
– Reproducibility analysis should be performed in order to determine how much the surface-
tracking and volume measurements of the LV vary between acquisitions and how this will
inﬂuence the simulation results. The RT3DE acquisitions must then be taken of the same
subject on the same day with as small variations in heart rate as possible.
– An ultimate goal is to have a methodology for 3D model construction from echocardio-
graphic data incorporated into ultrasound scanner systems. Real-time CFD simulations
can support the decision-making during surgical interventions and have the possibility of
changing clinical practice.
• A normal, healthy mitral valve billows slightly into the LA during LV contraction. Changes in
leaﬂet curvature might occur due to MV pathology or surgical interventions. However, one of
the most common heart valve abnormalities is leaﬂet billowing which means that one or both
valve leaﬂets are bulging more than normal into the atrium during systole. Echocardiography
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identiﬁes and assesses the extent of billowing, but no speciﬁc echocardiographic criteria that
can differentiate normal from pathological billowing exists [12]. By adjusting the systolic shape
of the leaﬂets in the 3D LV model, the resulting ﬂow pattern can be investigated. Through
cooperation with clinical personnel, it might be possible to develop echocardiographic criteria
that would allow differentiating normal from pathological billowing leaﬂets. The project can
also be extended to include prolapse and ﬂail which causes mitral regurgitation. A preliminary
study on this topic is provided in Appendix A. The initial results from this study indicate that
the shape of the anterior leaﬂet affects the aortic outﬂow proﬁle. This might be an important
new ﬁnding and should be further investigated.
• Today, different imaging modalities are used for generating subject-speciﬁc boundary condi-
tions for CFD simulations. It would have been interesting to compare 3D CFD models based
on RT3DE with models based on MRI and CT, to assess the differences that might occur. The
recordings should then be obtained on the same day of the same subject having approximately
the same HR in all the acquisitions. Experienced personnel should be used in order to reduce
potential sources of error [73]. A possible follow-up study might be to combine the strengths
of several modalities into one single model. For example RT3DE is better at the valve, whereas
MRI provides a sharper delineation of the myocardium. MRI could then be used to obtain the
geometry at time point zero and RT3DE for real-time movement and for the valve geometry.
The framework developed in this thesis supports to combine different models from different
imaging modalities.
• Another interesting usage of CFD simulations is to link them with ultrasound imaging simu-
lations [10, 108, 109]. The CFD simulation provides the velocity distribution at any point in
the domain. Based on this velocity ﬁeld, ultrasound simulations can be made using established
and experimental acquisition setups. In the end, the ultrasound method can be compared to
the true reference CFD velocities. This is a versatile tool to validate and develop ﬂow imaging
methods with ﬂexible control over both the ﬂow and imaging setup. Coupling subject-speciﬁc
CFD models of the LV with ultrasound imaging simulations can increase the understanding of
conventional ﬂow imaging in echocardiography and its limitations in the quantiﬁcation of ﬂow
patterns. It might also contribute to improve and further develop ﬂow imaging techniques for
the cardiac domain.
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FSI-simulation of asymmetric mitral valve dynamics during diastolic ﬁlling
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Chapter 7
An assessment of left atrial boundary conditions
and the effect of mitral leaﬂets on left
ventricular ﬁlling
The paper in chapter 7 is partly based on: Dahl et al. (2009), Implicit interaction of two rigid mitral leaﬂets in a
partitioned ﬂuid-structure approach, MekIT’09: Fifth National Conference on Computational Mechanics, Trondheim
26-27 May 2009, Tapir Akademisk Forlag 2009 ISBN 978-82-519-2421-4: p. 135-149.
53
54 CHAPTER 7.
7.1 Introduction
A challenge in all areas of computational ﬂuid dynamics (CFD) is the treatment of boundary condi-
tions. An understanding of the actual problem is required in order to apply simpliﬁcations that will
still provide meaningful results.
Intraventricular ﬂow and mitral valve (MV) dynamics have been subject to research both com-
putationally, in vivo and in vitro. Simulations have been executed with a rather broad variation of
realism regarding heart chamber geometry, valve modelling and inlet conditions. Due to the heart’s
complexity, the left ventricle (LV) is, in most of these studies, isolated from the rest of the heart. The
LA and the MV are therefore often excluded. The aim of this study is to investigate how the ﬂow
pattern is affected when the LA and MV are accounted for compared to when they are not.
The cardiac cycle is divided into two main phases, this is the diastole, which is the ventricular
ﬁlling phase, and the systole, which is the ventricular contraction phase. The LA is located prior to
the LV and will therefore serve as an inlet conduit for the LV. The LA’s function during a cycle can
be divided into three phases: the reservoir, conduit and contraction phase. The reservoir phase is
during systole when the LA receives oxygenated blood from the lungs through its pulmonary veins
(PVs) and acts like a reservoir to the LV. The conduit phase is the passive emptying of the atrium due
to ventricular relaxation in early diastole. The contraction phase occurs at the end of diastole when
the LA contracts to re-increase the pressure and eject more blood into the ventricle. According to
Fyrenius et al. [42], the normal LA has important roles in optimizing left ventricular ﬁlling. In vivo
measurements indicate that vortices develop in LA during diastole before they disappear with atrial
contraction. During the last decades, relatively few studies have concentrated on ﬂow dynamics in
the left atrium [42, 55, 110], hence, the understanding of the global ﬂow pattern within the LA has
remained undeﬁned [42].
When the atrium is excluded from the model, the mitral inlet properties, which normally are a
result of the ﬂow development inside the LA, have to be replaced by alternative inlet conditions. A
uniform pressure condition or some symmetric velocity proﬁle is of the most common assumptions.
The inlet is, in some studies, imposed directly at the mitral opening [8, 9, 32, 33, 39, 50, 64, 70,
75, 82, 94], while in other studies the atrial geometry has been represented as some tube with the
inlet at the far end [7, 20, 36, 39, 78, 79, 92, 95, 99, 107, 115, 118]. Mihalef et al. [71] included
a subject-speciﬁc LA with four venous inﬂows and a simpliﬁed prescribed leaﬂet motion. In the
Karlsruhe Heart Model (KaHMo) a ﬁxed, generic atrium with two PVs are included, but no leaﬂets
are modelled [31, 61, 105].
Long et al. [64] imposed various computed inﬂow proﬁles directly at the MV opening and con-
cluded that CFD simulations of LV ﬂow are highly sensitive to the imposed boundary conditions dur-
ing diastolic ﬁlling. Schenkel et al. [99] investigated the sensitivity to inﬂow conditions by comparing
a curved and a straight atrial geometry having one inlet covering the whole end. They concluded that
the atrial geometry plays a major role in the development of intraventricular ﬂow dynamics. None of
these studies included the mitral leaﬂets. Samstad et al. [97] investigated the early mitral inﬂow in
one plane in patients with mitral regurgitation and with mitral stenosis using two-dimensional colour
Doppler ultrasound. Their data suggested that the early mitral ﬂow was variably skewed in both
patient groups. Kim et al. [57], were the ﬁrst to investigate the entire cross-sectional mitral inﬂow
velocity distribution by echocardiographic recordings in pigs. Their results showed that the inﬂow ve-
locity across the mitral oriﬁce is not uniformly distributed throughout diastole, but is variably skewed.
These observations disagree with the common assumption of an imposed symmetric inlet proﬁle and
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emphasize the need of further investigations regarding inlet conﬁgurations.
The MV separates the LA and LV and controls the blood ﬂow between the two chambers. The
valve has two leaﬂets with signiﬁcantly different geometries and motion. As for the atrium, there are
several approaches regarding MV modelling in simulations of LV ﬁlling. One approach neglects the
mitral leaﬂets and the leaﬂet-blood interplay will then be lost and consequently also the effect the
mitral leaﬂets could have on the ﬂow [7–9, 21, 31–33, 61, 64, 70, 75, 94, 95, 99, 105, 116]. Another
approach includes the leaﬂets by using a simpliﬁed prescribed leaﬂet motion, here the complex phe-
nomena of blood-leaﬂet interaction are avoided [71, 92]. A third method is to include full FSI of the
blood and the leaﬂets [3, 20, 27, 36, 39, 78, 79, 107, 115, 118]. To what degree the leaﬂets inﬂuence
the intraventricular ﬂow is a matter of discussion in literature.
The objective of this study was ﬁrst to investigate the diastolic ﬂow pattern and MV opening
dynamics when the mitral inﬂow proﬁle was allowed to develop inside a geometrical realistic 2D
representation of the atrium with two ﬂow inlets to render the venous inﬂows, and compare with
results from a model with a simpliﬁed atrium. Secondly, to observe what effect the mitral leaﬂets
may have on the intraventricular ﬂow by simulating the diastole with and without ﬂow driven leaﬂets.
The study is two dimensional and the results are aimed to show, qualitatively, the changes in ﬂow
pattern when structures like the MV or the LA are excluded or not. To the best of our knowledge
no study of LV ﬁlling has incorporated both an atrium with venous inﬂows and ﬂow driven mitral
leaﬂets.
Echocardiographic recordings were utilized to obtain subject-speciﬁc ventricular wall movement
and the atrial geometry. The subject-speciﬁc LV movement was imposed as a boundary condition in a
2D transient simulation of diastolic ﬁlling. The leaﬂets were simulated with an asymmetric geometry
and their motion was computed using a previously developed FSI coupling scheme where both leaﬂets
are allowed to move asynchronously [3, 27].
7.2 Models and methods
7.2.1 Geometrical model
To investigate the inﬂuence of the inlet conﬁguration on LV ﬁlling and MV dynamics, two 2D models,
cI and cII , were considered. In cI , the inﬂow region was rendered as a stiff tube having an inlet at
the far end, whereas for cII , the inﬂow region was represented by a typical, but ﬁxed, atrium with
two inlets in the upper part, each reﬂecting an oriﬁce of a pulmonary vein. Flow driven mitral leaﬂets
were included in both models.
To observe which changes that occurred in the ﬂow ﬁeld when excluding the mitral leaﬂets, a third
model, cIII , was created. This model was identical to cII , but without the leaﬂets.
Echocardiographic recordings of a young healthy adult were utilized to create the subject-speciﬁc
2D models. The long-axis plane of the ventricle was chosen because the aortic outﬂow, the mitral
inﬂow, the left ventricle and the left atrium are all visible in this view. The recordings had a temporal
resolution of 20ms resulting in a total of 20 time frames throughout diastole. The inner ventricular
geometry and its diastolic movement were extracted from the image data. The size and shape of the
ﬁxed LA geometry were rendered in the mid-diastolic period. The geometry of the ventricle at start
and end diastole are shown in Fig. 7.1. More details about the prescribed movement can be found in
[27].
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Figure 7.1: Geometry of the left ventricle at start and end diastole, extracted from echocardiographic
recordings in the ventricular long axis plane
The mitral leaﬂets were modelled as two asymmetric, rigid leaﬂets rotating around their annulus
attachment points. The lengths of the leaﬂets were chosen based on echocardiographic images from
the apical long-axis view. In this plane, the length distribution is close to 25 % for the posterior and 75
% for the anterior leaﬂet. The resulting lengths of the leaﬂets were la = 19.9 mm and lp = 6.6 mm
for the anterior and posterior leaﬂet, respectively. The thickness was set to be uniformly t = 1.0 mm
for both leaﬂets.
7.2.2 Fluid structure interaction method
The FSI problem was solved in a partitioned way with separate solvers for the ﬂow equations (Fluent
6.3.26, Ansys Inc.) and the structural equations (in-house code).
The problem has two degrees of freedom, one for each leaﬂet. The equation of motion can be
written as: M = I · θ¨, where M is the torque applied on the leaﬂet’s external surface by the pressure
and the viscous force, I the moments of inertia and θ¨ is the angular acceleration of the leaﬂets. This
can be written in matrix notation where the component for the anterior and posterior leaﬂet is given
by subindex 1 and 2, respectively: [
M1
M2
]
=
[
I1 0
0 I2
]
·
[
θ¨1
θ¨2
]
(7.1)
The FSI formulation is based on the ALE approach and utilizes a previous developed, fully implicit,
coupling algorithm, which allows asynchronous motion of the two leaﬂets. An accurate description
of the coupling scheme can be found in [3, 27] and is an extension of the coupling scheme for one
leaﬂet developed in Vierendeels et al. [117] and validated in Dumont et al. [35].
The blood was treated as an incompressible, Newtonian ﬂuid, with properties representative for
healthy human blood, a density of ρ = 1056 kg/m3 and a dynamic viscosity of μ = 3.5 · 10−3 kg/ms
[20]. Laminar ﬂow was assumed.
The dependence of the results on the time step has been analyzed. The results do no longer change
signiﬁcantly when the physical time step is reduced from 0.2ms to 0.1ms. The diastole (0.43s) was
thus discretized with 2150 time steps.
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7.2.3 Boundary and initial conditions
The prescribed motion of the ventricular wall was implemented in the ﬂow solver through a user-
deﬁned function (UDF). A no-slip condition was imposed on the walls. Since the aortic valve is
closed during ventricular ﬁlling, no LV outlet was deﬁned. The mitral leaﬂets were initially in their
closed positions.
The venous inlets were treated as passive pressure inlets as LV expansion will drive the ﬂow in all
three cases.
7.3 Results
7.3.1 cI versus cII
Fig. 7.2 and 7.3 shows the initial grid and seven sequential velocity-vector plots at time intervals of
60 ms for the two conﬁgurations cI and cII , respectively. The prescribed motion of the LV during
ﬁlling can be seen as time progresses. It is evident that variations in shape and volume occur during
diastole.
Mitral inﬂow proﬁle
In early diastole, during the acceleration phase of the ﬁrst ﬁlling, also called the E-wave, ((b)-(c)), the
velocity proﬁle across the mitral valve is almost uniform for both cI and cII . The velocity magnitude
is almost the same for the two conﬁgurations at the level of the mitral annulus. In the deceleration
phase of the E-wave, (d), the ﬂow is retarding and the velocity distribution across the MV becomes
variably skewed for cII , the blood is predominantly ﬂowing near the posterior side of the annulus.
In cI , the velocity distribution is still approximately uniform. The two subsequent plots, ((e)-(f)),
represent the partial closure of the leaﬂets in the mid-diastolic period. The transmitral ﬂow is now
almost zero for both cI and cII .
At the end of diastasis, ((g)-(h)), the atrium contracts, causing a second ﬁlling wave (A-wave) into
the ventricle. A prominent asymmetric mitral inﬂow with a high velocity at the posterior side can be
observed in cII . The velocity distribution in cI , is still almost uniform. At the very end of diastole,
the ﬂow is retarding and the leaﬂets start to drift back.
LV ﬂow ﬁeld
The observed ventricular ﬂow pattern does not deviate considerably between the two conﬁgurations
during the ﬁrst ﬁlling, however the inﬂow penetrates somewhat further into the mid-cavity in cII .
At this time, no vortices are observed in the ventricle. During the deceleration of the E-wave, (d),
a vortex starts to develop at the tip of each leaﬂet in both conﬁgurations. The clockwise vortex
developing behind the anterior leaﬂet is, in both cI and cII , larger and more intense then the counter
clockwise vortex behind the posterior leaﬂet. These vortices probably enhance the partial closure seen
in mid-diastole.
During the second ﬁlling wave, vortices developed in the atrium are ﬂushed into the ventricle in
cII . Since no atrial vortices are present in cI , this phenomenon does not occur and the blood ﬂows
more uniformly into the ventricle.
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Figure 7.2: Initial grid and velocity vectors at seven different times for cI during diastole, the velocity
scale to the right is given in [m/s]
LA ﬂow ﬁeld
During the ﬁrst ﬁlling phase, a vortex starts to develop at each PV oriﬁce in cII . The vortices increase
in size during mid-diastole until they are ﬂushed through the MV opening at atrial contraction (A-
wave). Throughout diastole, no vortex was observed in the inlet geometry of cI .
MV opening dynamics
The ﬂuid forces acting on the leaﬂets are different for the two cases, hence, the resulting opening
dynamics will differ. Fig. 7.4 shows the opening angle for both leaﬂets in cI and cII , compared with
the leaﬂets’ opening angle measured in the 2D echocardiographic recordings. The simulated opening
velocities are almost identical during the ﬁrst rapid ﬁlling for both leaﬂets. However, only the anterior
leaﬂet corresponds to the measured opening velocity. In mid- and end-diastole, the leaﬂets’ opening
angles deviate some between the two simulations, particularly for the posterior leaﬂet where the
most extreme angle is found in cI . The partial closing occurred later in the simulations then in the
measurement, but the simulations do capture the main features of the leaﬂets movement pattern.
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Figure 7.3: Initial grid and velocity vectors at seven different times for cII during diastole, the velocity
scale to the right is given in [m/s]
7.3.2 cII versus cIII
Fig. 7.5, shows the initial grid and seven sequential velocity-vector plots at time intervals of 60 ms
for cIII . The ﬂow pattern across the mitral annulus is skewed as in cII , hence, the leaﬂets’ absence
do not seem to affect the velocity proﬁle particularly at this level. However, the leaﬂets signiﬁcantly
change the ﬂow ﬁeld below the annulus. In cII , the mitral inﬂow is guided into the ventricle by the
leaﬂets where two vortices develop at the leaﬂets’ tips. In cIII , the ﬂuid expand into the ventricle.
When ﬂuid ﬂows into a cavity with a larger diameter vortices tend to develop if the ratio between
the opening and the cavity is within a certain range. For cIII we can observe a vortex developing in
the left ventricular outﬂow tract, as there is no leaﬂet present to prevent it. At the posterior side, no
vortices are observed. When the ﬂow in the mitral opening stagnates during diastasis, there is almost
no rotational ﬂow inside the LV for cIII .
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Figure 7.4: Opening angle versus time for both leaﬂets in cI and cII , compared with the leaﬂets’
opening angle measured in 2D echocardiographic recordings
7.4 Discussion
7.4.1 Sensitivity to inlet geometry
In general, the left atrium and its pulmonary veins are commonly neglected for simulations of ven-
tricular ﬁlling and mitral valve motion. As the current knowledge of the mitral velocity distribution
is sparse, the imposed inlet proﬁle is often approximated to a uniform pressure condition or some
symmetric velocity proﬁle across the mitral annulus. Our results indicate that atrial vortices will be
generated if a more physiological representation for the atrium with venous inﬂows is included. The
vortices will induce a non-uniform velocity proﬁle across the mitral opening, which in turn, inﬂuence
the dynamics of the leaﬂets and the intraventricular ﬂow pattern.
In cII , atrial vortices are observed during diastole. The vortices start to develop at each PV oriﬁce
during early ﬁlling phase. The vortices increase in size during diastasis, before they are ﬂushed
into the ventricle at atrial contraction. The same atrial ﬂow behaviour was observed by [42] who
investigated the normal left atrial ﬂow pattern in 11 healthy subjects. They observed that vortex
formation followed early diastolic ﬁlling. Further, they found that the vortices reached their maximum
diameter in mid-diastole, before they disappeared with atrial contraction.
In cII , we observe that these atrial vortices affect the cross-sectional velocity distribution both at
the level of the mitral annulus and the leaﬂet tips. During the deceleration of the early ﬁlling wave,
the cross-sectional velocity proﬁle at the level of the mitral annulus is skewed, predominantly near
the posterior side. This skewed velocity distribution can again be seen with atrial contraction in end-
diastole, but this time it is more prominent. This is in accordance with the ﬁndings of Kim et al. [57],
who studied the velocity distribution across the natural mitral valve in pigs with ultrasound. They
observed a non-uniform cross-sectional mitral velocity distribution during the deceleration of early
diastolic ﬁlling and at atrial contraction. In cI , no vortices were observed in the inlet geometry and the
inﬂow velocity was approximately uniformly distributed across the mitral opening and at the leaﬂet
tips.
Kim et al. [57] suggested that the non-uniform blood ﬂow distribution across the mitral opening is
caused by the development of an anterior vortex in the LV during the deceleration of early ﬁlling and
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Figure 7.5: Initial grid and velocity vectors at seven different times for cIII during diastole, the
velocity scale to the right is given in [m/s]
atrial systole. Based on our simulations, we suggest that the non-uniform ﬂow distribution mainly is
caused by atrial vortices. In cI , the velocity proﬁle is approximately symmetric, even if an anterior
vortex has developed at the leaﬂet’s tip. In cIII , where no leaﬂets are present, a skewed proﬁle can
still be observed, but the proﬁle is somewhat altered compared to cII . This indicates that while the
left atrium and its associated venous inﬂows cause the non-uniform velocity distribution, the leaﬂets
presence will slightly alter the velocity proﬁle at the level of the mitral oriﬁce.
Although, the qualitative atrial ﬂow behaviour in cII is similar to in vivo observations [42, 57], a
moving atrium will have a quantitative inﬂuence on the ﬂow. The jet ﬂow from the PV’s will during
early ﬁlling be weaker if the LA is moving, because the ﬂuid entering the LV will then mainly come
from the blood that was stored in the LA and not from the PV’s. If the LA is not moving, stronger PV
jets occur, leading to more intense vortices. The rigid PV oriﬁces in our model are also contributing
to more intense vortices, for a compliant oriﬁce, the vortices will be less intense.
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We believe that interindividual differences in the mitral inﬂow will occur, among other factors,
due to variations in atrial geometry, shape of the mitral oriﬁce, the viscosity of the blood, the velocity
of the inﬂows and particularly due to the number and locations of the PVs. Further studies are needed
to investigate the sensitivity to variations in the venous inﬂows.
The opening dynamics of the mitral leaﬂets were affected by the inlet conﬁguration. After the
ﬁrst rapid ﬁlling the opening velocity started to diverge between the two cases. The best agreement
between measured and simulated opening dynamics was found in cII , however the partial closing
occurred later in the simulation and the opening angle of the posterior leaﬂet was too extreme. Some
physical restraining mechanisms are missing that would help describe the MV opening dynamics
properly. The posterior leaﬂet has the longest attachment zone and is physiologically more con-
strained than the anterior leaﬂet, which acts more like a hinge. Our posterior leaﬂet model will
consequently be more inﬂuenced by the lack of restraining mechanisms, resulting in higher angular
velocities and more extreme opening angles throughout the simulation. On the basis of the given
premises of this study, and the limitations due to the 2D formulation, the opening angle obtained from
the ultrasound recordings cannot be accurately described by the simulations. However, the simulation
results capture the main features of the leaﬂets movement pattern.
For bileaﬂet mechanical heart valves (BMHV), where each leaﬂet is allowed to rotate indepen-
dently due to interaction with the blood ﬂow, a skewed inlet proﬁle may lead to different opening
patterns for the two leaﬂets. A correct velocity distribution across the mitral opening will therefore
be essential to capture this phenomenon. Also, an algorithm which allows asynchronous motion of
the two leaﬂets is needed [3, 27].
7.4.2 The leaﬂets’ inﬂuence on the intraventricular ﬂow
To what degree the leaﬂets affect the intraventricular ﬂow pattern is a matter of controversy in liter-
ature. In both cI and cII , a vortex starts developing at the tip of each leaﬂet during the deceleration
of the E-wave. These observations are consistent with studies that have demonstrated a large vortex
behind the anterior leaﬂet and a smaller vortex behind the posterior leaﬂet [13, 39, 57, 88, 89]. The
leaﬂets are rigid in our study, for ﬂexible leaﬂets the vortices will not have the same intensity. Mihalef
et al. [71], modelled 3D valve leaﬂets having a simpliﬁed prescribed motion, they observed a main
vortex ring right below the mitral valve shooting towards the apex. Physiological leaﬂets are very
ﬂexible and will probably align more with the ﬂow, however they still form an inﬂow tract which
will guide the inﬂow further into the ventricular cavity before vortices are formed. During ﬁlling, the
anterior leaﬂet is more or less blocking the outﬂow tract and prevents vortices from being formed in
this area, as seen in cII . If leaﬂets are not present, the ﬂow will spread out further up in the LV base,
as in cIII , where a large vortex develops in the aortic outﬂow tract.
In valveless ventricles the most observed phenomenon is the formation of an annular vortex ring
behind the mitral oriﬁce. How far into the ventricle the vortex ring penetrates depends, among other
factors, on the ratio of mitral inlet to ventricular radius. Fluid injection across an oriﬁce into a larger
container can result in the generation of vortex rings if the ratio of oriﬁce to cavity diameter is in a
certain range [16, 102]. The ratio of mitral inlet to ventricular radius will therefore play an important
role in the forming and propagation of vortices during LV ﬁlling, especially when no leaﬂets are
present. Experiments of Bot et al. [16] showed that if the ratio is smaller than about 0.5, propagation
of vortex rings is possible. If the ratio is larger then 0.6, the vortices will be arrested or not develop.
In Shortland et al. [102], vortices developed for larger inlet-to-ventricular-radius ratios than in Bot’s
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work (0.85 opposed to 0.6). A possibly explanation is that Shortland et al. [102] used a moving
ventricular wall that encouraged radial ﬂow velocities and hence vorticity during ﬁlling. No leaﬂets
were included in the experimental models. In cIII , the ratio was within the range of vortex formation
at the anterior side, however, the vortex did not penetrate further into the ventricular cavity. In several
numerical studies, the valve is modelled as a 2D projection into the mitral plane, the ratio will then
change signiﬁcantly during diastole and will, at least in parts of the ﬁlling, be within the range of
vortex formation. In the beginning of diastole the vortex ring will be bounded by the incoming jet
and the wall of the ventricle. When the ﬂow decreases, the vortex will no longer be bounded by the
jet and more ﬂuid will entrain into the vortex. In studies with asymmetric ventricular geometry and
a laterally displaced mitral oriﬁce, the ring vortex will grow asymmetrically. The development of
vortices in models without leaﬂets will also be affected of the imposed inﬂow condition [16, 64] and
the atrial geometry [31, 99, 105].
So far, this is the only study comparing the ventricular ﬂow pattern with and without leaﬂets. The
study is two dimensional with rigid leaﬂets and has its shortcomings, but qualitative information may
be extracted. Our simulations indicate that the leaﬂets play a major role in the development of the
ﬂow ﬁeld inside the ventricle. To fully understand the inﬂuence of the leaﬂets, this study should be
extended to 3D.
7.4.3 Conclusions
In conclusion, our results indicate that important features of the diastolic ﬂow ﬁeld may not be pre-
dicted in the absence of an adequate representation of the LA or of the mitral leaﬂets. As it is difﬁcult
to measure the blood ﬂow velocities in the beating heart, the current knowledge of the mitral velocity
proﬁle is sparse. We therefore suggest that a realistic representation of the atrium and venous inﬂows
should be included in simulations of LV ﬁlling dynamics. The leaﬂets’ impact on the intraventricular
ﬂow is signiﬁcant in our study. Whether this is the case in a real ventricle with ﬂexible leaﬂets have
to be investigated further.
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8.1 Introduction
The left atrium (LA) is the upper left chamber of the heart and connected to the left ventricle (LV)
via the mitral valve (MV). Intraventricular ﬂow has been widely investigated the last decades both in
vivo, in vitro and by computational ﬂuid dynamics (CFD). Relatively few studies have focused on the
normal ﬂow distribution inside the left atrium [42, 55, 101, 110, 111, 121].
Kilner et al. [55] and Fyrenius et al. [42] made use of in vivo magnetic resonance imaging (MRI)
to visualize the ﬂow across the pulmonary veins (PVs) and within the LA. They discovered that a
portion of the normal LA was occupied by organized vorticial ﬂow. To validate in vitro the obser-
vations of Kilner et al. [55] and Fyrenius et al. [42], Tanne et al. [110, 111] used a pulsed mock
circulatory system to explore the ﬂow dynamics in a realistic anatomical-shaped LA by particle im-
age velocimetry (PIV). By this, they conﬁrmed the asymmetries in the atrial ﬂow already observed in
vivo.
The atrium is far from being a passive transport chamber prior to the LV [14]. The relationship
between the two chambers can be characterized as highly interactive and dynamic. According to
Fyrenius et al. [42], the normal LA has important roles in optimizing left ventricular ﬁlling. Due to
the complexity of the heart, the LV is often isolated in simulations regarding LV ﬁlling. The most
common simpliﬁcation is to replace the atrial cavity with an approximated inlet condition imposed
directly at the mitral opening or at the end of some tube. Due to difﬁculties in measuring blood ﬂow
velocities in vivo, the current knowledge of the cross sectional mitral velocity distribution is sparse.
Domenichini and Pedrizzetti [32] declared that at the present state of knowledge, it is not immediate
to ensure a realistic modelling of the transmitral ﬂow. The imposed MV inlet proﬁle is therefore
normally simpliﬁed to a uniform pressure condition or some symmetric velocity proﬁle.
Kim et al. [57] were the ﬁrst to investigate the entire cross-sectional mitral velocity distribution
by echocardiographic recordings in pigs with no known heart disease. Their results showed that the
velocity distribution across the mitral opening was variably skewed and that there were large interindi-
vidual discrepancies. These observations disagree with the common assumption of a symmetric mitral
inlet condition. One approach to avoid the problem of prescribed MV inlet proﬁles is to include an
atrium with venous inlets and let the ﬂow develop inside the chamber before it enters the mitral plane.
This has been done in a few studies. A ﬁxed, generic atrium with two PVs are included in the Karl-
sruhe Heart Model (KaHMo) [31, 61, 105], whereas Mihalef et al. [72] included a subject-speciﬁc
LA with four venous inﬂows.
The typical PV pattern consists of four main veins, with four separate ostia entering the atrium.
The veins from the right lung enter the right (septal) side of the LA, whereas the veins from the left
lung enter the left (lateral) side of the LA. Normally, there are two right and two left PVs, but, the
interpatient variability in PV number and branching patterns are large [17, 54, 68].
In this study, we present 3D CFD simulations focusing on the intra-atrial ﬂow during LV diastole.
The 3D geometries were obtained from Magnetic Resonance Imaging (MRI) recordings of a young
healthy adult. The aim was ﬁrst to investigate the ﬂow ﬁeld in an anatomically representative model
of the LA during diastole. Secondly, to investigate the effect of PV entry locations on the intra-atrial
ﬂow ﬁeld and the resulting velocity distribution at the mitral plane. The main focus here will be on
the mitral plane velocity distribution to see whether this should be considered as an important factor
in CFD simulations of LV ﬁlling and MV opening dynamics.
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8.2 Method
8.2.1 Magnetic Resonance Imaging and ﬂux measurements
MRI recordings of the LA and each of the pulmonary vessel stubs were acquired from a 25-year-
old healthy male on a Siemens Avanto 1,5 T system. A temporal resolution of 26ms was achieved,
resulting in 40 frames during one cardiac cycle. Images were acquired in the four-chamber and
the short-axis orientation. A total of 14 slices with a slice thickness of 5mm were needed in both
orientations to cover the atrium and the mitral plane.
In-vivo measurements of the ﬂow velocity through the mitral oriﬁce and the mass ﬂow rate through
each of the venous inlets were performed by velocity phase mapping scans.
8.2.2 Segmentation and geometrical reconstruction
The MR images were analyzed using the freely available software Segment v1.8 R1172 [48]. The
anatomical geometry of the atrium was reconstructed using the automatic segmentation tool to outline
the endocardial border in the short-axis view. By combining both image stacks (short-axis and four
chamber view), the proposed contour in every short-axis slice was evaluated using the intersection
points to the four chamber view. If necessary, the contours were reﬁned using the manual dynamic
contour editing tool.
The MRI showed that the subject had the typical PV pattern consisting of four main PVs with
four separate ostia. The location and inlet angle of each PV relative to the LA were determined with
fairly good accuracy. The veins are denoted left or right according to their position relative to the
center of the body, and superior (upper) or inferior (lower) according to their distance from the head.
Hence, the name of the four common PVs are the right superior PV (RSPV), left superior PV (LSPV),
right inferior PV (RIPV) and left inferior PV (LIPV). The oriﬁce of each PV was reconstructed by
measuring the major and minor diameter of each vein in their respective MR scan (see Table 8.1).
The measured values fall within clinical reported data [54, 68]. Fig. 8.1 shows an elliptic PV oriﬁce,
the two lines indicate the minor and major diameters.
LSPV LIPV RSPV RIPV
Minor diameter [mm] 11.9 10.6 12.1 16.1
Major diameter [mm] 15.4 15.8 17.0 16.1
Area [mm2] 113.8 131.2 156.4 203.1
Table 8.1: Diameters and areas of PVs extracted from MRI scans.
The segmentation data was used to build a subject-speciﬁc atrial geometry. The ﬁrst model,
denoted cA, has its four PVs located in the anatomically correct positions as adopted from the MR
recordings. The geometry of cA is shown in Fig. 8.2(a,b). There is a close proximity between the
ostia of the right PVs (RPVs) and between the ostia of the left PVs (LPVs), this is in accordance with
ﬁndings in the literature [17, 54, 68]. In general, and also in our subject, the entry locations of the
LPVs are closer to the mitral plane than the RPVs (8.2(a)). The LA appendage (LAA) lies adjacent
to the ostium of the LSPV and is indicated with an arrow in 8.2(b).
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Figure 8.1: A MR image showing an elliptic PV oriﬁce, the two lines indicate the minor and major
diameters.
In order to examine the impact of the venous entry locations, two additional models were con-
structed; cB and cC . There are several possible entry locations for the PVs. We chose to keep the
angle ﬁxed between the PV trunks, as seen from an atrial view, while the PVs vertical distance to the
MV plane were modiﬁed. The geometries of the atrial chambers were identical with cA. Regarding
the distance between the veins and the MV, only studies on ”The Isthmus Line” were found. The Isth-
mus Line is the distance between the lower border of the LIPV ostium and mitral annulus. Schmidt
et al. [100] measured this line to be 28.5 ± 6mm (range 17.3 - 40.5 mm), whereas Wittkampf et al.
[120] found a mean value of 35 ± 7mm (range 23 - 50 mm). The two studies illustrate the wide
dispersion among subjects. In our subject this line was measured to be 30mm. Based on the ﬁndings
in the literature and in our subject we chose the following: In cB, the LPVs are moved up to the same
level as the RPVs, the isthmus line is then in accordance with the maximum distance measured in
Schmidt et al. [100]. We assume the interpatient variability also applies for the RPVs, and thus in cC
the RPVs were therefore moved down and located at the same vertical position as the LPVs in cA.
The geometry of cA, is shown in Fig.8.2(a,b), whereas (c) and (d), show cB and cC , respectively.
8.2.3 Numerical method
The ﬂow simulations were performed using the ﬁnite volume method as implemented in Ansys Fluent
13.0 (Ansys Inc.). The diastolic duration was measured to be 0.665s and the simulation time step
size was set to 0.5ms. The models were meshed with tetrahedral elements with an element size
determined from grid convergence tests. Laminar ﬂow was assumed and the blood was modelled as
an incompressible, Newtonian, homogeneous ﬂuid, with a density of ρ = 1050 kg/m3 and a viscosity
of 3.5 · 10−3 kg/ms, which is a reasonably good approximation for blood ﬂow in large cavities [62].
8.2.4 Boundary conditions
The unique mass ﬂow rate for each of the four PVs was measured using MR phase mapping scans.
The measured PV ﬂows correlate with results reported from in vivo studies. For every vein, a power
function was ﬁtted to the diastolic mass ﬂow rate as can be seen in Fig. 8.3. The ﬂow pattern is
similar for the four PVs, but the mass ﬂow rate differs, where the LSPV has the lowest inﬂow rate.
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(a) cA
 
 
 
LAA 
LIPV 
LSPV 
RSPV 
RIPV 
(b) cA atrial view
(c) cB (d) cC
Figure 8.2: The ﬁgure shows the geometry of cA from an inferior,(a), and atrial view,(b), whereas cB
and cC are shown in (c) and (d), respectively. The name of the four veins and the location of the LAA
are indicated in (b).
The atrium was kept ﬁxed during the simulation. However, the measured venous mass ﬂow rates do
not account for the extra mass ﬂow exiting the atrium due to atrial contraction throughout diastole.
The additional ﬂow due to atrial volume change was calculated from the segmented atrial geometry
and evenly distributed among the four venous ﬂow inlets. The change in atrial volume during diastole
is illustrated in Fig. 8.4. A no-slip condition was imposed at the walls.
8.3 Results
8.3.1 Normal intra-atrial ﬂow pattern
The intra-atrial ﬂow ﬁeld is characterized by four jets entering the atrial chamber. During the accel-
eration of the ﬁrst ﬁlling (E-wave) the inﬂowing jets are deﬂected by each other before they progress
directly towards the mitral plane. As time progresses, some recirculation occurs. Fig. 8.5 illustrates
the streamlines for each PV and the velocity distribution at the mitral oriﬁce at t = 100ms, relative to
start diastole. We chose to present the ﬂow ﬁeld by streamlines. Streamlines provide an instantaneous
image of the ﬂow ﬁeld by using information from a single time frame and must not be confused with
pathlines. The RIPV, ﬁg. 8.5(a), enters the LA near its septal side and the streamlines follow the
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Figure 8.3: The power function (solid line) was ﬁtted to the mass ﬂow rate measured by MR velocity
phase mapping (dotted line). The graphs represent the ﬂow through the LSPV, RSPV, LIPV and RIPV,
respectively.
0 100 200 300 400 500 600 70
20
30
40
50
60
70
80
V
ol
um
e 
[m
l]
Time [ms]
Figure 8.4: The volume change of the atrial cavity measured from MR recordings throughout diastole.
smooth contour of the atrial wall towards the septal/inferior side of the mitral plane. The jet is de-
ﬂected by the jet from the LIPV, but the jets do not interfere at this stage. The streamlines originating
in the RSPV, ﬁg. 8.5(b), behave in a similar manner but enter the MV at the septal/superior side. The
outer, most superior, part of the RSPV inﬂow, is disturbed by the jet from the LSPV and turns into
a rotational motion towards and into the LAA before crossing the mitral plane at its lateral side just
below the appendix.
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In our subject, the trunks of the LPVs are oriented almost perpendicular to the atrial chamber. The
directions of the inﬂowing jets, ﬁg. 8.5(c) and (d), are therefore almost parallel to the mitral plane.
The ﬂow from the left veins have the highest velocities due to their small oriﬁce areas (see Table 8.1).
As they ﬂow into the atrial chamber, the jets are deﬂected by the ﬂow descending from the RPVs. The
jets change direction with almost 90 degrees before heading towards the mitral plane.
The main part of the ﬂow from the LSPV enters the central/superior part of the mitral oriﬁce,
whereas the rest is involved in the swirling motion caused by the interaction with the RSPV jet. The
LIPVs’ inﬂow, on the other hand, occupies the centre towards the inferior side of the MV. Some of the
streamlines originating from the LIPV recirculate into a clockwise vortex before entering the valve.
During the deceleration of the E-wave, the degree of recirculation increases. As the transmitral
ﬂow diminishes in mid-diastole and the atrial volume stays constant, the vortices increase in size
and number, resulting in an even more complex ﬂow ﬁeld as illustrated in Fig. 8.6. At the onset of
the second ﬁlling, A-wave, the vortices disappear and the main part of the venous inﬂows is again
constrained into more direct paths towards the mitral valve.
(a) RIPV (b) RSPV
(c) LIPV (d) LSPV
 
Figure 8.5: The ﬁgure shows the velocity contour at the level of the mitral valve and the streamline
for each of the four veins during the acceleration of the ﬁrst ﬁlling wave, t = 100ms. The velocity
scale is given in [m/s]. The cross shows the orientation of the model as seen from an atrial view.
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(a) right PVs (b) left PVs
 
Figure 8.6: The ﬁgure shows the velocity contours at the level of the mitral valve with a more complex
ﬂow ﬁeld of mid-diastole compared to early diastole. In (a) and (b) the streamlines of the right and
left PVs are illustrated, respectively. The velocity is given in [m/s]
8.3.2 Sensitivity to PV location
The graph in Fig. 8.7 illustrates the maximum transmitral velocity for cA, cB and cC , throughout
diastole. During the acceleration of the ﬁrst ﬁlling the maximum velocity is the same for the three
cases. When approaching peak velocity, the results start to deviate. The maximum is reached at
t = 160ms for cA with a velocity of 0.50m/s. In cB and cC , the maximum velocities are 16% and
33% higher than in cA and occur 45 and 30ms later, respectively. The variation in maximum velocity
decrease in mid-diastole, but increase again at atrial contraction. This time the highest velocity occurs
in cA. It is interesting to notice that the ratio of peak E to peak A velocity (E/A ratio), changes
signiﬁcantly with the location of the veins. The E/A ratio yields 1.85, 2.72 and 3.10 in cA, cB and cC ,
respectively. Only cA fall within the range of clinically reported data of 1.5± 0.40 [4].
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Figure 8.7: The graph illustrates the maximum transmitral velocity of cA , cB and cC throughout
diastole.
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(a) LIPV cA (b) LIPV cB (c) LIPV cC
(d) RSPV cA (e) RSPV cB (f) RSPV cC
Figure 8.8: Streamlines from LIPV and RSPV are plotted for each conﬁguration at their maximum
velocity. The maximum velocity occurs at t = 160ms, t = 205ms and t = 190ms for cA, cB and cC ,
respectively. The contours show the velocity distribution at the MV plane, given in [m/s].
Fig. 8.8 shows the streamlines from the LIPV and the RSPV for each case at their respective
maximum velocity. The shortest atrial transit time for blood originating in the LIPV, was found for
model cA. For cC , the distance from the LIPV to the MV is exactly the same as for cA, but the average
transit time was higher. This is because the left and right jets collide with each other in cC , and induce
a recirculating motion towards the upper part of the LA. In cB, Fig. 8.8(b), some of the streamlines
goes directly to the septal side of the mitral opening, while another portion turn into a swirling motion
towards and also into the LAA.
The jet from the RSPV is, in cA, similar to the one observed in Fig. 8.5(b), but the degree of
recirculation has increased and the ﬂow proﬁle at the MV has changed. In cC , Fig. 8.8(f), the right
jets collide with the jets from the LPVs and change direction completely. Whereas a large part of
the ﬂow from the LIPV was forced into a swirling motion, the jet from the RSPV turns directly
towards the septal side of the MV. For cB, the streamlines originating in the RSPV are similar to the
streamlines origination in the LIPV, but the number of streamlines having a direct path towards the
MV is less.
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8.3.3 Cross-sectional velocity proﬁle at the mitral plane
Fig. 8.9 shows the transmitral velocity distribution for cA , cB and cC at 6 different times during the
ﬁrst ﬁlling wave. The instant when the maximum transmitral velocity occurs lies within the selected
time span for all three cases.
Fig. 8.9 clearly illustrates that the locations of the PVs have a signiﬁcant impact on the orientation
of the skewness in the mitral velocity proﬁle. During the acceleration of the E-wave, all three models
have the highest velocities in the septal/superior quadrant of the mitral opening. As time progresses
the velocity distributions become more skewed and dissimilar. In cB, the highest transmitral velocities
are mainly restricted to a limited spatial area at the right half of the opening, while the ﬂow is almost
zero at the lateral side. In the two other models, the blood ﬂow covers a larger part of the MV.
In cC , a narrow area with high velocity is stretched across the MV from the superior/septal side to
the inferior/lateral side, this model has the highest velocities. In cA, the velocity is more evenly
distributed. At t = 160ms, the region with high velocity is covering the right half of the MV, whereas
at t = 200ms the highest velocity is found along the mitral border, like a horseshoe with its opening
towards the lateral side.
The simulated proﬁles were qualitatively compared with the MRI ﬂow proﬁle. Fig. 8.10 shows the
velocity distribution at the mitral plane during peak E-wave, as measured with MRI. The maximum
velocity was found to be 0.60m/s. The MRI ﬂow pattern resembles a horseshoe-like proﬁle, similar
to the proﬁle observed in cA. The highest velocities are seen in the septal/superior quadrant, whereas
the lowest inﬂow is occur at the lateral side. The best agreement between the measured and simulated
velocity distribution was found in cA.
8.4 Discussion
In this study, we used MRI to construct an anatomically based geometric model of the LA and its PVs.
The aim was to investigate the ﬂow ﬁeld in the LA during diastole and the impact of the PVs’ entry
location on the intra-atrial ﬂow and the resulting mitral plane velocity distribution. Three models
with different venous entry locations were created. The results illustrate that the locations of the PVs
have a signiﬁcant impact on the ﬂow ﬁeld. In the model with the anatomically based PV positions,
the venous jets ﬂow towards the mitral plane without noticeable collision, this model also produces a
more uniformly distributed mitral ﬂow proﬁle with lower maximal velocity than both the other models
where the PVs are located at the same height. The interpatient variability in PV number and branching
patterns is large, hence, the mitral velocity proﬁle should be considered as a subject-speciﬁc property.
It will not be possible to predict the nature of the mitral jet by making general deductions about the
conditions under which the jet is formed. Therefore, a representative geometry of both the LA and
the PVs is essential for physiological simulations of LV ﬁlling and MV dynamics.
8.4.1 Intra-atrial ﬂow
The intra-atrial ﬂow is made up of four crossing jets ﬂowing into an asymmetric chamber and is there-
fore complex. Each jet behaves very differently during diastole. To the best of our knowledge our
study is the ﬁrst to apply in-vivo measured PV mass ﬂow rates as an inlet condition in a CFD simula-
tion. By using individual measurements of the venous inﬂow rates, we ensure a realistic distribution
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Figure 8.9: Velocity contours at the mitral opening, seen from an atrial view, at 6 different times
during diastole. The three columns are cA, cB and cC , respectively.
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Figure 8.10: The transmitral velocity distribution as measured with MRI at peak E-velocity and the
orientation of the mitral plane as seen from an atrial view. The maximum velocity is 0.6m/s.
of the incoming impulses which in turn decide how the jets interact with each other. Qualitatively, the
simulated ﬂow ﬁeld in cA shows good agreement with reported observations [42, 55, 111].
Kilner et al. [55], suggested that an eccentric alignment of the PVs predisposes to asymmetry of
the intra-atrial ﬂow, redirecting inﬂow towards, rather than away from, the valve. The asymmetry
might also avoid instabilities by allowing entering, recirculating and outﬂowing streams to pass with-
out collision. In the anatomically based model cA, the jets cross without noticeable collisions. In cB,
where the PVs are entering at the same level, the inﬂowing jets collide, and thereby force parts of the
ﬂow into a recirculating motion towards the upper part of the LA, away from the MV. In addition, the
asymmetric located veins in cA seem to produce a more uniformly distributed mitral ﬂow proﬁle with
lower maximal velocity than both cB and cC .
To compensate for the stationary atrium used in our simulations, additional mass due to atrial
contraction was evenly distributed among the four venous inlets. Different amounts of additional
mass were tested to observe the impact on the resulting ﬂow ﬁeld. We observed that with increasing
additional mass, the magnitude of the velocity increased, whereas the atrial and mitral ﬂow pattern
remained the same. This indicates that as long as the added mass ﬂow is equally distributed among
the veins, the relative impulse magnitude of each jet is maintained and thus, the way the jets interact
will not change. The magnitude of the mass ﬂow obtained from the anatomical acquisition data was
lower than the mass ﬂow measured from the MRI phase mapping scans. This discrepancy can be
attributed to inaccuracies in the MRI recordings and in our segmentation. Also the differences in
heart rate between the acquisitions of the anatomical data and the acquisitions of the velocity data
might cause a difference between the measured mass ﬂow rates.
8.4.2 Mitral velocity distribution
The interaction between the four incoming jets and the asymmetric atrial geometry results in a skewed
velocity proﬁle at the mitral oriﬁce. Our simulations show that the PV locations have signiﬁcant
impact on the mitral velocity pattern. The best qualitative agreement between the measured and
simulated velocity distribution was found in cA. Both proﬁles resembled a horseshoe, with an opening
towards the lateral side. In cB and cC , the velocities were higher and concentrated to smaller areas.
The interpatient variability in PV number and branching patterns are large [17, 54, 68] and the mitral
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velocity distribution should therefore be considered as a subject speciﬁc property.
Numerical simulations of LV ﬂow are highly sensitive to the imposed boundary conditions during
diastolic ﬁlling [27, 64, 99]. Generic, simpliﬁed atrial geometries will cause circulation above the
mitral plane and hence a non-uniform mitral proﬁle, but the skewness will most likely not be physio-
logical. Together, the irregular shape of the LA and the interpatient variability in PV anatomy make
it questionable whether general morphological simpliﬁcations can be applied in simulations of intra-
atrial ﬂow. The velocity distribution across the mitral plane depends, in a complex way, on several
factors. In addition to the PVs’ size, shape and branching pattern and the relative ﬂow distribution
between them, the atrial ﬂow ﬁeld will also depend upon the geometry and nature of the atrium, the
shape of the mitral oriﬁce, the viscosity of the blood, the degree of suction from the LV, etc. Further
studies are needed in order to address the impact of the most important factors on the resulting MV
velocity proﬁle.
For bileaﬂet mechanical heart valves (BMHV), where each leaﬂet is allowed to rotate indepen-
dently due to interaction with the blood ﬂow, a skewed mitral proﬁle may lead to different opening
patterns for the two leaﬂets. A physiological velocity distribution across the mitral opening will
therefore be essential to capture this phenomenon.
8.4.3 Limitations
A static LA with added mass ﬂow at the venous inlets will cause stronger jets and more intense
vortices than a moving LA without added mass ﬂow. In a static LA, the blood entering the MV will
mainly come from the PVs and not from the blood that was stored in the LA. Hence, the maximal
transmitral velocity will be higher and occur later, compared to the more physiological case with a
contracting LA. The simulated velocities in cA are lower than the velocities measured with MRI, we
therefore assume that our added mass ﬂow is lower than in-vivo. The mass ﬂow rate measured from
MRI phase mapping scans are, for that reason, probably more correct than the mass ﬂow rate obtained
from our segmentation data.
Both the mass ﬂow rate and the velocity pattern at the MV have to be physiological for physio-
logical simulations of the LV ﬂow ﬁeld. This can only be achieved by including a moving atrium. If
the LA is static, a physiologically correct transmitral mass ﬂow rate will result in too high velocities
at the MV, whereas a correct mitral velocity magnitude will require a mass ﬂow rate which is too low.
We are currently improving our atrial model to account for a moving atrial geometry.
A compliant annulus will inﬂuence the velocity distribution during start diastole when the area
of the annulus increases. However, according to our measurements the area of the annulus is almost
constant after peak E-wave and hence will not notable inﬂuence the mitral velocity proﬁle.
8.4.4 Conclusions
In this study, we have presented three 3D CFD simulations focusing on the intra-atrial ﬂow and the
resulting mitral plane velocity proﬁle during LV diastole. The anatomically based 3D geometries of
the LA and the PVs were obtained from MRI recordings of a young healthy adult. The entry locations
of the PVs were different in the three models.
Four jets enter the asymmetric atrium, and the resulting ﬂow ﬁeld is therefore complex. Our
results clearly illustrate that the locations of the PVs have a signiﬁcant impact on the intra-atrial ﬂow
ﬁeld and the velocity distribution at the mitral plane. The asymmetric locations of the PVs might
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prevent instabilities in the ﬂow ﬁeld. We observed that in the model with anatomically based PV
positions, the venous jets ﬂow towards the mitral plane without noticeable collision. This model also
produces a more uniformly distributed ﬂow proﬁle at the mitral plane with a lower maximal velocity
than both the other models where the PVs are located at the same height. The mitral velocity proﬁle
in the anatomically representative model, showed qualitatively good agreement with the MRI ﬂow
measurements.
Due to the large interpatient variability in PV anatomy, the mitral velocity proﬁle should be con-
sidered as a subject-speciﬁc property. Therefore, a representative geometry of both the LA and the
PVs is essential for physiological simulations of LV ﬁlling and MV dynamics. Our ﬁndings may
inﬂuence future CFD studies regarding transmitral and intraventricular ﬂow.
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9.1 Introduction
Cardiovascular disease is the most common cause of death in the western world and thus, it is of
great interest in heart research to better understand this organ’s structure and function and to improve
diagnosis and therapy methods. The heart is a complex system whose function depends on many
levels, from cells to tissue, on electrical activation, metabolism, structural dynamics, blood dynamics
etc. Alternation on one level will affect the other levels and hence change the pumping action of
the heart. Thus, the intraventricular ﬂuid pattern may reﬂect the function of the organ. Up to date,
various studies have led to an increased understanding of myocardial mechanisms, whereas little is
known about blood dynamics inside the heart. A computational ﬂuid dynamics (CFD) simulation of
the pumping ventricle can help us to understand the complex ﬂow phenomenon.
The left ventricle (LV) in the heart undergoes large and complex deformations during one cardiac
cycle. The deformation is characterized by circumferential and longitudinal shortening as well as
torsion about the LV central axis. The motion of blood inside the ventricle cannot be known without
knowledge of the boundary motion. Different approaches have been suggested in order to create a 3D
model of the LV. All studies have various shortcomings and none of the 3D models are yet applicable
on a clinical base. The numerical models of the LV can roughly be divided into two types. This is
ﬂuid structure interaction (FSI) models which take into account the interaction between the ﬂuid ﬂow
and the surrounding tissue, and prescribed geometry models, which uses the movement of the inner
ventricular wall as a boundary condition in a CFD simulation. Both models cannot be considered as
alternatives to each other but approaches in their own right [99].
To analyze intraventricular ﬂow and to develop patient-speciﬁc simulation models in order to per-
form ”virtual surgery”, prescribed geometry models are today better suited. Computational ﬂuid dy-
namics allows us to obtain realistic ﬂow ﬁelds in complex geometries by solving the non-linear equa-
tions of mass and momentum conservation in a discretized form. Coupling CFD with non-invasive
methods of visualizing the heart enables the opportunity to reconstruct subject-speciﬁc simulation
models. Integration of CFD and medical imaging is not novel. Different imaging disciplines, like
computed tomography (CT), magnetic resonance imaging (MRI) and echocardiography, have in the
recent years been supported by simulations.
However, in most studies which include a prescribed LV wall movement, MRI has been used to
extract the transient geometry. MRI has a clear advantage with respect to image quality, but the cardiac
valves are often less distinguishable due to the high signal from blood. MRI is not as commonly
available as other modalities in the clinic, due to its relatively high cost and longer acquisition time.
3D echocardiography, on the other hand, has undergone large improvements the last few years, and
both image quality and temporal resolution are now at a level that makes it possible to extract high
quality 3D geometries and movement. The particular strength of echocardiography is its ability to
record moving structures in real-time and is, among medical doctors, the most applied method for
diagnosing the heart. There exists an extensive amount of patient speciﬁc 2D echocardiographic data.
Recently, 3D echocardiography is gaining popularity as a routine clinical tool and this is one of our
arguments for choosing this modality as the basis for moving boundaries in patient-speciﬁc CFD
models.
Previously, a 2D patient-speciﬁc model of the left heart has been developed [27]. The LV wall
geometry and motion were extracted from 2D echocardiographic recordings and successfully imple-
mented in a 2D CFD simulation. A 2D simulation can give qualitative information about the ﬂow
ﬁeld, but to obtain quantitative data, 3D simulations are necessary.
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In this paper, we present a newly developed method for the creation of subject-speciﬁc LV bound-
ary conditions for 3D CFD simulations from echocardiographic recordings. The geometry includes an
advanced transient ﬁnite element mitral valve model, pre-analysed in Abaqus [85, 86]. The algorithms
provide a framework for the coupling of different data sets which together makes up the LV and its
apparatus. We have focused on echocardiographic data, however, the method is modality-independent
and can be combined with both MRI and echocardiography.
As computer performance increases and the computational efﬁciency of the models improve, clin-
ical applications might become feasible. The future goal is that the models can be used for identiﬁca-
tion of clinical parameters, which in turn, could be important for diagnosing cardiovascular patholo-
gies.
9.2 Method
9.2.1 3D echocardiography and segmentation of the LV
Real-time three-dimensional (3D) echocardiography (RT3DE) (also known as four-dimensional (4D)
echocardiography) with consecutive segmentation of the endocardial LV wall are the preliminary
steps in building our subject-speciﬁc CFD model.
The 3D echocardiography LV volume of a 30 years old female volunteer was acquired using a
Vivid E9 scanner using a 3V matrix probe with a centre frequency 2.4 MHz (GE Healthcare Vingmed,
Horten, Norway). The volume was acquired during apnea over 4 heart cycles, from the apical window,
in harmonic mode, one QRS triggered sub-volume acquired per heart cycle. The frame rate was 27
per cycle.
For our study the endocardial border was generated using the AutoLVQ tool [46], EchoPAC work-
station (version BT 11), GE Vingmed Ultrasound, Hortem, Norway. AutoLVQ represents the LV
boundary as a deformable model and relies on 3D energy minimization for evolving it. A combina-
tion of internal, external and temporal forces ensures shape continuity, while adapting the model to a
particular 3D echo recording. The endocardial contour process was initialized by manual positioning
of the apex and the mitral valve attachment points in a long-axis view (e.g. four chamber), both at
end-diastole (ED) and end-systole (ES). After manual selection, the endocardial border is automati-
cally generated throughout the cardiac cycle. The proposed contour was then evaluated in both short-
and long-axis cut-planes of the 3D volume. If deemed necessary the border can be further reﬁned
by adding additional attractor points that pull the model towards the endocardium. In this case, the
border was adjusted by placing a limited number of attractors. The papillary muscles and major tra-
beculae were included in the LV cavity both in diastole and systole. The resulting triangular meshes
were exported and later reused in the construction of the CFD model.
9.2.2 3D ﬁnite element model of the mitral valve
The geometry and time dependent shape of the valve leaﬂets are not easily extractable from echocar-
diographic recordings, manual tracing is, today, the only alternative. Therefore, we chose to represent
the MV by a ﬁnite element model (FEM) pre-simulated in Abaqus [85, 86]. Only the systolic phase
of the cardiac cycle was computed in this transient ﬁnite element (FE) simulation. The simulation
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resulted in 176 time frames in systole. The prescribed leaﬂets’ movement were subsequently imple-
mented in the CFD model.
The geometry of the FE MV model is described in [85, 86]. The shape of the annulus was mea-
sured at early systole from 3D echocardiographic recordings of the heart of an anaesthetized pig. The
annulus was idealized as a non-planar ellipse. The size of the mitral annulus in the volunteer was
approximately of the same size as in the FE MV model, hence the model did not have to be scaled to
ﬁt the LV base.
An incompressible transversely isotropic hyperelastic material described in [86] was used to
model both leaﬂets. The annulus was assumed to be ﬁxed, with translations constrained but not
the rotations. In order to capture coaptation (i.e., apposition of the posterior and anterior leaﬂets) a
contact condition was prescribed on the atrium surface of the leaﬂets. The blood pressure measured
in the left ventricle of the pig during systole was applied on the ventricular surface of the leaﬂets as
load history. All simulations were quasi-static.
9.2.3 Geometrical reconstruction
The segmented endocardial LV wall derived from RT3DE consisted of closed three dimensional sur-
face meshes for 27 different time steps. Together they describe the inner ventricular wall movement.
The FE MV model and also an outﬂow tract have to be incorporated in the original segmented LV
grid topology for all frames. This requires some manual work, however, effort was made to limit the
amount of manual interaction. The algorithms were constructed in such a way that user intervention
was necessary only in the ﬁrst frame, i.e. start systole. The different steps are described below.
9.2.4 Mitral valve position optimisation
In the ﬁrst frame, start systole, the MV model was positioned manually to ﬁt the LV model. After this
ﬁrst initial positioning of the MV model, a region of the LV model was cut, i.e. cells were removed
from the LV model, to make room for the MV model. Effort was made to make sure that the removed
surface region of the LV model was large enough to ﬁt the MV model in all frames of the cardiac
cycle. When cutting the original grid topology the cells at the border may lead to sharp edges. To
overcome this problem, a smoothing algorithm based on the principle of moving average was written.
The boundary nodes were moved according to the algorithm, creating a smooth boundary of the cut
region. Figure 9.1 illustrates the LV edge before and after smoothing.
Then, a connect model was generated manually, combining the MV and LV model. The connect
model was created by making triangular cells that combine the outer line of the MV model (annulus)
with the outer line of the removed region of the LV model, resulting in a closed surface of the com-
bined LV-MV model. No extra nodes were generated in this process. Fig. 9.2 a) illustrates the LV
model with its manually generated connect model, shown as white cells. Fig. 9.2 b) and c) shows the
combined LV-MV model.
In order to get the best possible positioning of the MV model in each LV frame, a least square
optimization routine was implemented. This was carried out by optimizing the six parameters of
the translation and the rotation of the LV model, minimizing the area of the triangular cells in the
connect model. This optimization was then carried out for the remaining frames in the whole cycle,
providing a set of optimized translation and rotation parameters for the LV model in each frame. The
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(a) before smoothing (b) after smoothing
Figure 9.1: The LV edge before and after smoothing. The dotted line is the contour of the MV annulus
optimization was highly necessary to obtain a correct position of the MV at the LV base. Fig. 9.3
illustrates the combined model at end systole, before and after optimization.
9.2.5 Construction of the left ventricular outﬂow tract (LVOT) and the ascend-
ing aorta (Aao)
The ascending aorta is the ﬁrst section of the aorta, commencing at the upper part of the base of the
left ventricle, beginning at the aortic annulus / left ventricular outﬂow tract (LVOT). In the parasternal
long axis view, the aortic annulus is between the outﬂow tract anterior and posterior endocardiums
immediately below the attachments of the anterior and posterior aortic valve leaﬂets as can be seen in
ﬁgure 9.4.
To assess the different parameters needed to reconstruct the LVOT and the very beginning of
the ascending aorta, a software which enable the possibility of manually tracing echocardiographic
recordings was constructed. The measurements, described below, were done in 2D mode in the
parasternal long axis view as shown in ﬁgure 9.4.
The ﬁrst step is to cut the LV model and remove redundant cells to make room for the outﬂow
tract. Like for the MV, this was done in the ﬁrst frame of systole. Starting from the highest point
of the anterior mitral annulus in the combined model, a cutting plane was constructed. To deﬁne the
plane’s tilting angle, we used the obtuse angle between the aortic and mitral annulus, measured in the
echocardiographic recordings. All grid cells above this plane were removed from the model, creating
an approximately circular opening at the LV base. The cells at the edge were then smoothed using the
algorithm described in the previous section. The model with the smoothed edge is illustrated in Fig.
9.5. The vector deﬁning the cutting plane is also plotted in the ﬁgure.
Second, the LVOT from the smoothed edge up to the aortic annulus and the very beginning of the
Aao have to be reconstructed. The aorto-mitral-curtain, which is the wall from the highest point of
the anterior mitral annulus up to the aortic annulus, will act as a leading edge in the construction of
new elements. This edge was traced in the parasternal long axis view for all frames and the mean
value was used in the modelling. The aorto-mitral-curtain is drawn with a green line in Fig. 9.4 and is
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(a) LV with connect model in white (b) combined LV-MV model
(c) combined model, side view
Figure 9.2: The manually positioned MV on the LV base in the start frame, i.e. start systole. a)
illustrates the LV model with its manually generated connect model in white and the dotted MV
annulus. b) and c) shows the combined LV-MV model from the top and the side, respectively
illustrated with a dotted blue line in Fig. 9.5. A prolongation of the aorto-mitral-curtain was used to
create the very beginning of the ascending aorta. The aortic root with its sinuses of Valsalva, which
is the ﬁrst part of the Aao, was simpliﬁed to a tube because the area of interest will, in our study, be
the ﬂow at the level of the aortic annulus, not the ﬂow pattern further out in the aorta.
9.2.6 Prescribed LV movement
The time-varying 3D endocardial surface mesh of the left ventricle is used as a boundary condition in
our CFD simulation. However, the original surface mesh obtained from the echocardiographic data is
quite coarse consisting of 1946 nodes and 3888 triangular cells. Because the accuracy of CFD results
relies heavily on the grid resolution, a reﬁned surface mesh is required to be able to capture the global
ﬂow pattern inside the LV with a reasonable accuracy.
A reﬁned mesh will result in new intermediate nodes in the start geometry, which are not a part of
the original mesh extracted from the echocardiographic recordings. This means, their nodal positions
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(a) before optimization (b) after optimization
Figure 9.3: The position of the MV in frame 10, i.e. end systole, before and after optimization of MV
position and rotation
are unknown for the subsequent time frames. Therefore, the nodal translations of the reﬁned mesh
have to be interpolated from the original mesh throughout the cycle. Fig. 9.7, shows a close up of the
LV surface mesh in the start geometry. The green cells are the original grid, whereas the yellow cells
are a result of the grid reﬁnement.
In order to compute the prescribed movement of the reﬁned mesh, every mesh node has to be re-
lated to the original grid. It is sufﬁcient to ﬁnd this relation for a single frame, since the cell numbering
of the original grid stays the same throughout the whole cycle. So, ﬁrst, the node’s appurtenant trian-
gular cell in the original grid has to be found. Second, the node’s new position has to be calculated
by interpolation of the cell’s vertices; A, B and C, for every time frame.
Generally, a triangle is deﬁned by its three vertices, A, B and C. Three points deﬁne a plane, a
triangle is therefore a 2D element, ΔABC. A 2D triangle can exist in either the 2D or the 3D space.
In our case, the triangle is a cell from the original grid which exists in the 3D space. We want to know
whether an arbitrary point, P , which here is a surface node, belongs to the triangle, ΔABC, or not.
This was achieved by the use of barycentric coordinates. The barycentric coordinates of a point P
with respect to the vertices A, B and C of the triangle, ΔABC, can be written as a weighted sum of
the tree vertices:
P = λ1A+ λ2B + λ3C (9.1)
where λ1, λ2 and λ3 are the weighting functions subjected to the constraint:
λ1 + λ2 + λ3 = 1 (9.2)
Using vector formulation, Eq. 9.1 can be rewritten:
xP = λ1xA + λ2xB + λ3xC (9.3)
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Figure 9.4: The parasternal long axis view in which the mitral valve and the incline of the endocardial
wall between the mitral and aortic annulus have been traced. This is illustrated by a red and green
line, respectively.
There are many ways of actually computing the barycentric coordinates λi for P with respect to
the triangle ΔABC. Because of the large number of nodes and time frames, it is desired to have a
computational effective technique to reduce processing time. Three different methods were tested in
order to ﬁnd the one which was less computationally expensive.
The ﬁrst two methods were based on the principle of normalised subareas. Let P be a point inside
the triangle as shown in Fig. 9.8. It divides the triangle into three sub-triangles. The normalised areas
of the sub-triangles, A1, A2 and A3, are then used to compute the barycentric coordinates, λi, of P.
Any point within the triangle can then be described by:
xP =
(
A1
A
)
xA +
(
A2
A
)
xB +
(
A3
A
)
xC (9.4)
To test whether the given point, P, is inside a cell or not, two different techniques were analyzed.
The ﬁrst method checked if the cross products of the legs of the sub triangles, as illustrated in Fig.
9.8, pointed in the same direction. If they did, the point was inside. The other method utilised the
residual of the equation:
res = A− A1 − A2 − A3 (9.5)
The cell having the minimal residual was the correct cell.
The two above mentioned techniques are conceptually straightforward, but somewhat expensive
computation-wise. Due to the high numbers of nodes and cells in the model, a third method which
eliminates one of the barycentric coordinates were tested to see if this made the calculations less
computationally expensive.
Using Eq. 9.2, we can deﬁne λ1 in terms of λ2 and λ3:
λ1 = 1− λ2 − λ3 (9.6)
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(a) front view (b) side view
Figure 9.5: The LV model with the smoothed edge (green dots). The blue line is the vector used to
obtain the cutting plane. The tracing of the aorto-mitral-curtain used in the construction of the LVOT
is illustrated with blue dots. Both (a) and (b) are from start systole.
Substituting Eq. 9.6 into Eq. 9.1 we obtain:
xP = (1− λ2 − λ3)xA + λ2xB + λ3xC (9.7)
Rearranging and denoting λ2 and λ3 as u and v, respectively, then:
xP = xA + u(xB − xA) + v(xC − xA) (9.8)
Given u and v, point P can easily be calculated with Eq. 9.8. In our case we have to go in the
reverse direction and calculate u and v from a given point P. So, we have two unknowns, which means
we need two equations to solve for them. Starting with Eq. 9.8, subtracting xA from both sides, we
get:
xP − xA = u(xB − xA) + v(xC − xA) (9.9)
If we introduce the vectors: p = xP − xA, b = xB − xA and c = xC − xA we can write Eq. 9.9
in a more convenient form:
p = ub+ vc (9.10)
The principle of this method is that a triangle can be described by two vectors, say b and c. So,
if we start at vertex A, we can use the barycentric weightings, u and v, to weight our distance vectors
and hence describe every point in the triangle, as illustrated in Fig. 9.9. It is noted that because the
vectors b and c deﬁne a plane, the vector p will be located in the same plane.
By multiplying both sides of Eq. 9.10 with b and c, respectively, we obtain the following system
of equations:
p · b = ub2 + vc · b
p · c = ub · c+ vc2 (9.11)
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(a) start systole (b) end systole
Figure 9.6: The complete model at start (a) and end (b) of systole
Figure 9.7: LV surface mesh in start geometry. The green cells are the original grid extracted from
the echocardiographic recordings, whereas the yellow cells are a result of the grid reﬁnement for the
CFD simulation
In matrix form: [
p · b
p · c
]
=
[
b2
b · c
b · c
c2
] [
u
v
]
(9.12)
Solving for u and v gives:
[
u
v
]
=
[
b2
b · c
b · c
c2
]−1 [
p · b
p · c
]
= 1
b2·c2−(b·c)2
[
c2
−b · c
−b · c
b2
] [
p · b
p · c
] (9.13)
When u and v are deﬁned we can use them to decide whether point, P, belongs to this particular
cell or not. The three inequalities which decide whether P is located inside the triangle are summarized
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Figure 9.8: The barycentric coordinates of a point P with respect to a triangle can be deﬁned in terms
of ratios of triangle areas
Figure 9.9: The triangle ΔABC with the point P located inside. Starting in vertex A, we can use the
barycentric weightings, u and v, to weight our distance vectors, b and c, to describe point P inside
the triangle.
below:
u >= 0
v >= 0
u+ v <= 1
(9.14)
These inequalities are only valid for points P that are situated on the plane deﬁned by ΔABC. Since
ΔABC is an arbitrary 2D triangle in the 3D space and P is also an arbitrary point, we need an
additional criterion to know whether P is on the plane of the triangle ΔABC or not:
f = norm(p− u · b− v · c) (9.15)
where f has to fulﬁl the criterion: f < 1e−5
The triangle inclusion test was repeated until all nodes in the reﬁned mesh had found their appur-
tenant cell and belonging weighting factors in the original grid. For every node, the respective cell
number was stored together with u and v. This information was enough to interpolate every node’s
position in all of the following time frames. This third method executed about ten times faster than
the two methods based on subareas and was therefore chosen for this study.
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9.2.7 Creation of intermediate computational meshes
The segmentation consisted of 27 time frames throughout one cycle. However, further computational
meshes were required at intermediate time steps between the initial meshes. The frame to frame
variation in shape, dimension and orientation of the LV depends upon its deformity as well as on the
frame rate achieved during the recordings. Due to the high temporal resolution, we assume that the
moving LV in adjacent frames does not vary signiﬁcantly during a cycle. Hence, new intermediate
meshes were created at every CFD time step by linear interpolation between the segmented LV frames.
The FE MV simulation resulted in 20 times more time frames than the echocardiographic record-
ings. It was not desirable to reduce the number of simulated FE MV surface meshes to the number
of segmented LV surface meshes, because valuable details of the rapid moving leaﬂets could then be
lost. The intermediate computational meshes of the MV and LV were therefore calculated separately
by linear interpolation within each object’s original surface meshes.
9.3 Results
To illustrate the correlation between the model and the echocardiographic recordings, the model is
realigned with the original echocardiographic data. The LV is placed back at the same position as
when it was segmented in AutoLVQ. The alignment is showed in Fig. 9.10. (a) and (b) are from start
and end systole, respectively, where the red line is the original AutoLvq and the yellow line is our
model. (c) and (d) illustrates the cut plane from two different views in start systole, the selected plane
approximately intersects the middle of the outﬂow tract. Here, we only demonstrated the similarity
during systole because the FE MV model is, at present, not available for the diastole. However, the
combined model with the annulus and LVOT exists for the entire cardiac cycle.
The endo contours generated using AutoLVQ, nicely follows the inner wall of the LV throughout
the cycle. The papillary muscles and major trabeculae were included in the cavity and can be seen
at the inside of the generated endo contours in Fig. 9.10, particularly at the posterior side of the LV
cavity.
A reasonable match is obtained between the modelled LVOT and the endocard throughout systole,
however a small deviation from the aorto-mitral-curtain can be seen. This is because the aorto-mitral-
curtain was traced in every time frame, while a curvature representing the average of all frames was
utilised in the model. This can be improved by using the complete transient tracing of this wall.
The shape of the modelled MV is altered compared to the subject’s healthy MV. This is because
the purpose of our ﬁrst 3D study is to investigate how various leaﬂets’ shape affects the systolic ﬂow
behaviour. Different types of billowing leaﬂets will therefore be included in the model. This will be
explained further in the discussion.
The size of the FE mitral annulus is slightly too large for the subject’s ventricle in start systole,
while the size is approximately correct in end systole. This deviation is expected since the annulus
in the FE model is ﬁxed whereas the real annular area slightly changes during systole. However, a
compliant annulus will be included in future models. Some misalignment is also present at the basal
posterior side of the ventricle at the anchoring of the mitral annulus in end systole, Fig. 9.10 b).
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(a) start systole (b) end systole
(c) cut plane (d) cut plane, side view
Figure 9.10: The 3D model is realigned with the original echocardiographic data. (a) and (b) are start
and end systole, respectively, where the red line is the original AutoLVQ and the yellow line is our
model. (c) and (d) illustrates the selected plane where the 3D model was cut, (d) is rotated 90 degrees
compared to (c).
9.4 Discussion
In this paper, we present a technique for the creation of 3D moving boundary conditions, from RT3DE
to CFD simulations. Due to the strong dependency of ﬂow characteristics on the LV geometry and
motion, the accuracy of the 3D-geometry is a key factor in numerical simulations of the intraventric-
ular ﬂow. The semi-automated tool (4D Auto LVQ) for volume measurements in RT3DE gives rapid
and reproducible measurements of LV volumes [46] and has a great potential as the basis for patient
speciﬁc CFD models. RT3DE is gaining popularity as a routine clinical tool, which means that there
will be easy accessible patient data in this format in the future. Good correlations for LV volumes and
ejection fractions between RT3DE and MRI have been reported [73], although it is well known that
there is a systematic bias between RT3DE and MRI volume measurements where echocardiography
generates smaller volumes when compared to MRI. Moreover it has been shown that RT3DE is more
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accurate than 2D echocardiography for measuring LV parameters [51].
When comparing the present study with the ones relying on MRI for anatomic model generation,
one has to keep in mind the fundamental differences between these acquisition modalities. RT3DE
has the advantage of being a real-time 3D modality, the entire dataset being acquired in 3 up to 6
heart cycles, with instantaneous full-volume imaging currently under development [1]. One important
advantage of echocardiography is the clear visualization of the cardiac valves, which are often less
distinguishable in MRI due to the high signal from blood. However, echocardiography yields larger
inter-subject variation in image quality and the size of the LV also affects the image acquisition. At
present, the average temporal resolution in 3D echocardiography is in the range of 25-50 frames per
second (fps) in an average size LV, however recordings with resolution up to 60 fps have been reported.
In the case of MRI, the balanced steady-state free precession sequence is most commonly used for
LV imaging. A series of 2D short- and long- axis image planes are acquired ( 15s/image plane) with
ECG gating. The sequence gives excellent blood-myocardium contrast, with a temporal resolution
of 25-50 fps, and a spatial resolution of approximately 1-1.5 mm in plane and a slice thickness of
about 6-8 mm. Due to long acquisition times MRI data can be corrupted by failure to hold breath,
which will result in image artifacts. Furthermore inter-slice alignment errors are typically caused by
different diaphragm positions in each breath hold.
To make a subject-speciﬁc 3D CFD model of the pumping LV which also includes a MV model
and an outﬂow tract, some user interventions are required. The presented approach is semi-automatic,
i.e. some manual work are required in the start frame, while the rest of the frames are automatic
adjusted based on given parameters. The 4D Auto LVQ segmentation moves the tracking points
perpendicular to the endocardial surface so the LV area and the cells increase or decrease according
to the LV volume. However, if a cell is deﬁned at ED and the actual myocardium moves tangentially
to the surface, i.e. rotation, twisting, the segmentation algorithm ignores that motion. As a result
at ES, the same cell does not represent the same part of the myocardium. In our model, the MV
and the LVOT were positioned at the LV base by removing the same cells in all frames. The base
typically rotates no more then 4-5 degrees [93], so it is a reasonable approximation to assume that the
myocardium follows the cells in this part of the LV.
There does not exist any trivial procedure of extracting the geometry and time dependent shape
of the valve leaﬂets from echocardiographic recordings. Manual tracing is, today, the only alternative
and is highly time consuming. In this study, the MV was represented by a 3D FE model, where
the annulus had been measured at early systole in 3D echocardiographic images of the heart of an
anaesthetized pig. The size and shape of the annulus in pigs are somewhat the same as in humans.
The annulus in the subject’s recordings was approximately the same as in the 3D FE model, hence,
it was not necessary to scale the FE MV model to the recorded LV model. The purpose of including
a FE MV model is the simplicity of altering the valve in various ways, i.e. cutting different chordae,
vary the degree of muscle activation [104] etc, to see how this affect the ﬂuid ﬂow. Also, the degree of
leaﬂet billowing can be subsequently adjusted in the prescribed CFD model. The FE valve presented
in this paper is altered compared to a healthy valve. Therefore, the shape of the valve in Fig. 9.10
does not follow the healthy subject’s valve.
A preliminary CFD simulation of the 3D model is provided in Appendix A. As a ﬁrst step for
validation of the CFD model, the predicted blood ﬂow in the LVOT was compared with in-vivo MRI
ﬂow measurements. The MRI measurements were obtained in the same heart and at the same day as
the RT3DE recordings.
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9.4.1 Limitations
The papillary muscles are included in the cavity during the tracing. The effect of the papillary muscles
on the ﬂuid will therefore be excluded in the simulation. However, their signiﬁcant inﬂuence on the
deformation of the LV during systole, when they contract and possibly contribute to the longitudinal
shortening of the LV, is included because of the prescribed deformation.
The LV torsion about the LV central axis is not included in this ﬁrst model. However, a seg-
mentation algorithm which follows material points and hence accounts for the LV torsion, are under
development and will be included in future models.
9.5 Conclusions
A technique for the creation of subject-speciﬁc 3D moving boundary conditions, from RT3DE to
CFD simulations, has been presented herein. One beneﬁt of the presented approach is the simplicity
of using replaceable parts. The software is capable of incorporating different models of either the
MV, the LVOT or the LV, with a limited amount of user intervention. One of the great advantages
with CFD models is the opportunity it gives to easily alter the models and further check how the ﬂow
responds to the applied changes. This means that subject-speciﬁc heart models have the potential to
support professionals in clinical decision-making by performing ”virtual surgery”. By doing this, new
insight to the inﬂuence of surgical intervention on the blood ﬂow, can be obtained. However, before a
model can be used for clinical purposes, thoroughly validation is necessary.
94
Appendix A
Impact of the mitral leaﬂets’ curvature on ﬂow
dynamics during left ventricular contraction:
An initial study
The 2D study in this chapter is based on Dahl and Skallerud (2010). Effect of mitral valve shape on ﬂow dynamics
during left ventricular contraction, 6th World Congress on Biomechanics; Singapore, 1-6 August 2010.
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A.1 Background of the study
The mitral valve (MV), also called the bicuspid valve, separates the left atrium (LA) and the left
ventricle (LV). The valve consists of two leaﬂets with signiﬁcantly different geometries, this is the
anterior and the posterior leaﬂet. The leaﬂets are anchored to the mitral annulus and attached to the
inner wall of the LV via a series of strings called chordae tendineae. The valve assures unidirectional
blood ﬂow between the two chambers. When the atrial pressure exceeds the ventricular pressure
during diastole, the soft leaﬂets comply and fold into the ventricle, allowing blood to pass freely.
When the ventricle starts to contract, the leaﬂets close immediately, preventing blood from ﬂowing
into the LA.
A normal, healthy mitral valve billow slightly into the left atrium during ventricular contraction
[12]. There are two major components contributing to the leaﬂets’ curvature. The ﬁrst, and most
obvious, is various degrees of leaﬂet billowing, the second, and more subtle, is the annular saddle
shape [96]. The slightly billowing leaﬂets and the annular nonplanarity act together to optimize leaﬂet
curvature and thereby reduce the mechanical stress in the mitral leaﬂets [5, 96]. But, are there any
hemodynamic beneﬁts of having only a slightly curved valve? As far as the authors know, there are
no studies concerning the hemodynamic consequences of various leaﬂet curvatures during ventricular
contraction.
Changes in leaﬂet curvature might occur due to MV pathology or surgical interventions. However,
one of the most common heart valve abnormalities is that one or both valve leaﬂets are bulging more
than normal into the atrium during systole. Such abnormalities are often lumped together in the
term billowing mitral leaﬂets or BML. For BML, edge coaptation is functionally normal. BML is
frequently diagnosed in healthy people, and is, for the most part, harmless. If the BML progresses,
failure of edge apposition may supervene and mitral regurgitation occurs, the condition is then called
mitral valve prolapse (MVP). Echocardiography is the most useful method of diagnosing the mitral
valve. Echocardiography identiﬁes and assesses the extent of billowing, but there are no speciﬁc
echocardiographic criteria that can differentiate normal from pathological billowing [12]. We want to
investigate whether there are any hemodynamic effects of different types of BML which might induce
long-terms effects or can trigger pathological change. For example, an altered hemodynamic pattern
can cause adverse wall shear stresses (WSS) and further remodelling of the valves and/or vessel wall.
Heart valves are active structures that respond to altered load patterns by remodelling [44]. Al-
though remodelling may be initiated as adaptations to altered loads, the resulting valve tissues may
not be able to provide normal long-term function. Because valve tissue has this ability to remodel, the
relationship between the valve geometry, the tissues microstructure, material properties and loading
environment is interdependent.
In a majority of the papers regarding hemodynamics in the LV, MRI has been used to extract the
transient geometry. MRI has a clear advantage with respect to image quality, but the cardiac valves
are often less distinguishable due to the high signal from blood. One particular strength of echocar-
diography, on the other hand, is the clear visualization of the cardiac valves. But, due to their rapid
movement, the time-dependent shape of the leaﬂets is not easily extractable. There does not exist any
automatic tool for valve segmentation, thus, manual tracking is the only alternative available today.
Due to its ability to identify valve structures, echocardiography was chosen as imaging modality in
this study.
A better understanding of the valve’s impact on the ﬂow pattern can provide practical insight that
may facilitate the diagnosis and treatment of pathological or abnormal mitral leaﬂets. The aim of this
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study is to investigate the inﬂuence of different valve curvatures on the systolic ﬂow ﬁeld. In this
appendix some preliminary results are provided. We have taken a two-step approach, with a 2D study
ﬁrst in order to investigate on simple models what types of inﬂuence that might occur (see A.2). Also,
it is easier to interpret 2D results and learn from these before we carry out the second step, i.e. 3D
analyses. The ﬁrst objective in our 3D analyses was to perform a 3D computational ﬂuid dynamics
(CFD) simulation which could provide results within the physiological range. Results from this ﬁrst
3D simulation and the subsequent validation are provided in section A.3.
The preliminary 2D and 3D studies have indicated some important new results that should be
further investigated. This is discussed in the further work section (see A.5) at the end of this appendix.
A.2 2D study
Two 2D models were analysed, the models were distinct when it came to the curvature and motion
of their mitral leaﬂets. The results indicate that the ﬂow pattern in the vicinity of the leaﬂets and par-
ticularly in the aortic outﬂow tract is affected by the valve curvature. The ﬁrst model, mI , represents
a normal, healthy valve, while the second one, mII , imitates a valve with a billowing and irregular
curvature.
A.2.1 Models and method
To obtain subject-speciﬁc boundary conditions, 2D echocardiographic recordings of a young healthy
adult were performed. The recordings were performed in the long-axis view because this plane repre-
sents both the mitral and aortic valve (AoV) in addition to the LV. Fig. A.1(a) illustrates the different
transducer orientations used for recordings in the long-axis view. The time-dependent geometry of the
LV was rendered in the apical long-axis view by the speckle tracking option of EchoPAC PC (version
6.0.0, GE Vingmed Ultrasound, Norway).
The prescribed movement of the normal, healthy leaﬂets in mI were reconstructed from the same
subject as the LV wall. To obtain a clear view of the MV, the parasternal long-axis view was utilized
for these measurements, see Fig. A.1 (a). The speckle tracking algorithm is not able to follow the
rapidly moving leaﬂets, therefore, an in-house software was written for this purpose. The transient
2D valve proﬁle could now be extracted from the echocardiographic recordings. Fig. A.1 (b), shows
a recorded image in which the MV has been traced (red line). As seen in Fig. A.1 (b), the normal,
healthy mitral leaﬂets appear almost ﬂat during peak systole. The MV was traced from the onset of
AoV opening to AoV closure.
The irregular shaped leaﬂets in mII were reconstructed from an advanced 3D ﬁnite element (FE)
model of the MV. A transient simulation of the FE model in Abaqus, provided us with the time-
dependent history of the valve during systole [85, 86]. This is the same 3D FE MV model as imple-
mented in the 3D LV model presented in Dahl et al. [26] (see chapter 9).
In Fig. A.2(a), mI and mII are plotted on top of each other at peak systole to illustrate the
difference in valve curvature. Both the anterior and the posterior leaﬂet are bulging more in mII
than in mI . The coaptation zone is also tilted towards the posterior side in mII . In Fig. A.2(b), the
geometry of mI at the onset of AoV opening and at AoV closure are plotted in the same ﬁgure to
illustrate the movement of both the LV wall and the mitral leaﬂets during this period.
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(a) (b)
Figure A.1: The three transducer orientations used to record the long-axis view is illustrated in (a).
The apical view was used for the LV wall geometry, whereas the parasternal view was utilized for the
MV as seen in (b). Tracking of the mitral valve at peak systole is shown with a red line in (b). The
normal, healthy mitral leaﬂets appear almost ﬂat during peak systole.
(a) (b)
Figure A.2: In (a), the two models are plotted on top of each other at peak systole to illustrate the
difference in valve curvature. Both the anterior and the posterior leaﬂet in mII are bulging more than
in mI . The coaptation zone is also tilted towards the posterior side in mII . In (b), the geometry of mI
at AoV opening and at AoV closure are plotted in the same ﬁgure to illustrate the systolic movement
in this period.
In our simulations, the prescribed wall motions will drive the ﬂow. The numerical simulations
were performed with the ﬁnite-volume CFD software Fluent 6.3.26 (Ansys Inc.). The arbitrary
Lagrangian-Eulerian (ALE) formulation was used to express the Navier-Stokes equations on the mov-
ing grid. Due to the large deformations of the ﬂuid domain, remeshing was also necessary. Laminar
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ﬂow was assumed and the blood was modelled as an incompressible, Newtonian, homogenous ﬂuid,
with a density of ρ = 1050 kg/m3 and a viscosity of 3.5 · 10−3 kg/ms. A no-slip condition was ap-
plied at the walls. The 2D simulations start from the onset of AoV opening and end at AoV closure,
i.e. the isovolumetric contraction in start-systole is not included in our simulations. The total length
of this period was measured in the echocardiographic recordings to be 272ms.
A.2.2 Results and discussion
Fig. A.3 shows the velocity vectors at peak systole, 60ms after AoV opening, for mI and mII . Due
to the 2D limitation, the velocity scale is out of the physiological range and therefore not included.
Only qualitative information can be extracted from the simulated 2D results.
(a) mI (b) mII
Figure A.3: Velocity vectors at peak systole for mI and mII , respectively. The velocity as the blood
ﬂows around the mitral annulus-aorta junction is higher in mII than in mI . A vortex has started to
develop at the leaﬂets’ tip in both models. The velocity scale is out of the physiological range due to
the 2D limitation and therefore not included.
When a ﬂuid ﬂows through a narrower cross-section, the ﬂuid velocity must increase to maintain
the mass ﬂow rate. As the blood ﬂows into the left ventricular outﬂow tract (LVOT), the cross-
sectional area decreases considerably and hence, the velocity increases (Fig. A.3). The transition
from the LV to the LVOT is smoother at the septal side than at the mitral side for both models. At the
mitral side, the blood has to ﬂow around the mitral annulus-aorta (Ma-Ao) junction before it enters
the LVOT and hence, higher velocities will occur in this area for both mI and mII . The velocities are
also higher in mII than in mI because of a higher degree of anterior leaﬂet billowing in mII .
100 APPENDIX A.
As the blood rounds the Ma-Ao junction, the velocity vectors are pointing more towards the
central axis of the LVOT than along the wall. This will disturb the blood ejected from the rest of the
ventricle and perhaps make the ejection less efﬁcient. This effect is more prominent in mII because
the billowing anterior leaﬂet forces the blood to round a sharper corner in mII than in mI . Hence, the
degree of anterior leaﬂet billowing might affect the efﬁciency of ventricular ejection.
As seen in Fig. A.3, a vortex has started to develop at the tip of the leaﬂets’ coaptation zone in
both models. This is probably due to the sharp edge pointing into the ﬂuid domain. If the tip of the
leaﬂets’ coaptation zone will have the same effect in a 3D simulation has to be investigated further.
Our preliminary 2D results suggest that the degree of anterior leaﬂet billowing affects the velocity
pattern in the outﬂow tract during ventricular contraction. According to our observations, a slightly
billowing anterior leaﬂet creates a more efﬁcient ejection with lower peak velocities than is the case
for a more billowing anterior leaﬂet. The results presented here are two-dimensional whereas the
real human heart ﬂow is a characteristic three-dimensional vortical ﬂow. The investigated 2D mod-
els cannot simulate the real ﬂuid dynamics during ventricular contraction. Nevertheless, the model
interpretations regarding the impact of the anterior leaﬂet on the aortic ﬂow proﬁle is interesting and
should be investigated further.
A.3 3D study
The ﬁrst objective in our 3D study was to perform a CFD simulation of the 3D model presented in
Dahl et al. [26] (see chapter 9). Second, to do an initial validation of the preliminary results to see
whether the simulated velocities were within the physiological range. The ﬁnal aim is to use the 3D
model to complete the proposed study of the impact of the leaﬂets’ curvature on the systolic ﬂow
pattern. This is not included in this thesis, but discussed in the further work section (see section A.5).
A.3.1 The 3D model
For this study we wanted to use the previously developed subject-speciﬁc 3D model of the LV pre-
sented in Dahl et al. [26] (see chapter 9). In this 3D model, the time-dependent ventricular geometry
was rendered from real-time 3D echocardiography (RT3DE) by using the semi-automated tool (4D
AutoLVQ) on an EchoPAC software workstation (version BT 11, GE Vingmed Ultrasound, Norway).
The segmentation provided a closed 3D triangular surface mesh for every time frame throughout the
cardiac cycle. Due to the difﬁculties of tracking the time-dependent shape of the MV from RT3DE,
an advanced 3D FE MV model [85, 86] was used to obtain the basic 3D characteristics of the MV
geometry. The FE MV model was then incorporated in the original segmented LV grid topology.
Fig. A.4(a) and (b), shows the geometry of the combined 3D model at start- and end-systole, re-
spectively. The triangular LV surface mesh is the original mesh from the segmentation data. Fig. A.4
(c) shows the 3D model when it is realigned with the original echocardiographic data. A reasonable
agreement between the modelled geometry and the RT3DE data was obtained.
A.3.2 Modiﬁcation of the FE MV model
Before a CFD simulation can be performed, a good quality volume mesh of the 3D model has to
be generated. However, due to sharp edges and small gaps in the complex FE MV geometry, it was
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(a) start systole (b) end systole
(c) The model realigned with the echocardio-
graphic data at start systole
Figure A.4: The LV model at start (a) and end (b) of systole, whereas (c) shows the 3D model
realigned with the original echocardiographic data.
not possible to obtain a proper volume mesh of the model shown in Fig. A.4. In addition, the MV
geometry was difﬁcult to modify to different curvatures as it appeared in the FE simulations.
The solution was to remodel the FE MV geometry by using topographic mapping. A topographic
map is a detailed and accurate 2D representation of a 3D geometry, where each of the 2D points con-
tains vertical information. By using topographic mapping, a continuous and smoother MV geometry
can be obtained, while the main topology of the valve is conserved. The projection plane used for
the topographic map of the FE MV model was chosen to give a best possible capturing of the 3D
geometry. The map was generated using 40000 points and then smoothed. Fig. A.5 shows the topo-
graphic map of the FE MV model before and after smoothing. The vertical information is illustrated
by colours.
To create the new discretized 3D model of the MV, a set of nodes was evenly distributed at the
map’s surface as illustrated in Fig. A.6(b). The underlying 2D function, which contains the vertical
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Figure A.5: (a) and (b) illustrate the topographic map of the FE MV model before and after smoothing,
respectively. The vertical information is illustrated by colours.
information in the map, was interpolated to ﬁnd the Z-value for each of the new nodes. The elements
were then created by using Delaunay triangulation. Fig. A.6(a) shows the MV model as it appear in
the FE simulations, Fig. A.6(b) illustrates the topographic map with the new set of nodes and Fig.
A.6(c) shows a cross-sectional proﬁle of the new modiﬁed MV model. As seen in Fig. A.6(c), the
valve proﬁle is now smooth without sharp edges and gaps.
(a) FE MV model (b) The new nodes plotted in the topo-
graphic map
(c) New modiﬁed MV
Figure A.6: (a) shows the MV model as it appear in the FE simulations, (b) illustrates the topographic
map with the new set of nodes and (c) shows a cross-sectional proﬁle of the new MV model.
The modiﬁed MV model was positioned at the LV base with the technique described in [26] (see
chapter 9). The new 3D model is shown in Fig. A.7 (a) and (b) at two different times during systole.
Fig. A.7 (c) shows the model from an atrial view where the mitral ”smiley” is clearly visible.
A volume mesh with an acceptable mesh quality was now possible to obtain. A total number of
139167 tetrahedral cells were used in this ﬁrst preliminary CFD simulation. However, it is assumed
that a ﬁner mesh is needed to achieve mesh convergence. A mesh convergence test was not performed
in this initial study, but a convergence test is required before further studies are performed.
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(a) Start systole (t=0ms) (b) 200ms from AoV opening (c) The mitral ”smiley” at 200ms
Figure A.7: The ﬁgures illustrate the complete model of the LV with the new MV geometry. Figure
(a) is from start systole, whereas (b) is from 200ms into the simulation, i.e. from AoV opening. Figure
(c) shows the model from an atrial view, where the mitral ”smiley” is clearly visible.
A.3.3 Numerical model
The ﬂow simulations were performed using the commercial ﬁnite volume package Ansys Fluent 13.0
(Ansys Inc.). The CFD solver was extended with dedicated user deﬁned functions (UDFs) in order to
include the systolic movement of the LV, the LVOT and the MV in the simulations. The prescribed
wall motions will drive the ﬂow.
The ALE formulation was used to express the Navier-Stokes equations on the moving grid. To
update the entire volume mesh, both spring-based smoothing and local remeshing were necessary.
Local remeshing was required because the boundary displacements in our model were large compared
to the local cell sizes in the applied mesh. Without remeshing, this might deteriorate the cell quality
and lead to convergence problems during the simulation. By applying local cell remeshing, the cells
that violate the skewness or size criteria will be remeshed when going to the next time step. An
additional option available in Ansys Fluent 13.0, called sizing function, enables the ﬂuid solver to
also mark cells for remeshing based on a given size distribution. In our model, the size function was
necessary to avoid negative cell volumes and hence an invalid mesh.
The simulation starts from the onset of AoV opening and ends at AoV closure in end-systole,
i.e. the isovolumetric contraction in start-systole is not included in this simulation. The length of the
systolic period, from AoV opening to Aov closure, was 285ms and given from the RT3DE recordings.
Laminar ﬂow was assumed. The blood was modelled as an incompressible, Newtonian, homogenous
ﬂuid, with a density of ρ = 1050 kg/m3 and a viscosity of 3.5 · 10−3 kg/ms, which are reasonably
good approximations for blood ﬂow in large cavities [62]. A no-slip condition was imposed at the
walls.
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A.3.4 Preliminary results and discussion
Fig. A.8 illustrates the velocity ﬁeld in a long axis view at two different times during systole. Fig.
A.8 (a) and (b) are from peak systole; 75 ms after AoV opening, whereas Fig. A.8 (c) and (d) are
from the last part of systole; 200 ms after AoV opening. The velocity ﬁeld is illustrated by velocity
contours in Fig. A.8 (a) and (c) and by vectors in Fig. A.8 (b) and (d).
At peak systole, the maximum velocity at the outlet is 1.19 m/s, however, the highest velocity in
the domain is 1.25 m/s and occurs as the blood rounds the Ma-Ao junction (Fig. A.8 (a) and (b)). The
mass ﬂow rate decreases towards the end of systole. At 200 ms is the maximum velocity at the outlet
and at the Ma-Ao junction reduced to 0.68 m/s and 0.69 m/s, respectively (Fig. A.8 (c) and (d)).
As observed in Fig. A.8 (a) and (c), a region of high velocity moves from the mitral side in the
beginning of the LVOT and towards the anterior-septal side further downstream of the LVOT. The
skewness of the velocity ﬁeld in the LVOT is most prominent at peak systole. However, the skewness
persists towards the end of systole.
Fig. A.9 shows the velocity distribution in the outﬂow tract at three different cross-sections during
peak systole. In Fig. A.9 (a-c), the ventricular septum is towards the bottom and the mitral valve
towards the up. Fig. A.9 (d) shows the locations of the three planes, where plane 1 is the plane
closest to the LV. The velocity proﬁle in Fig. A.9 (a) is signiﬁcantly skewed with the highest velocity
occurring at the mitral side. In the proﬁles further downstream are the maximum velocity lower and
the velocities more evenly distributed, however, the velocity proﬁles are still skewed (Fig. A.9 (b)
and (c)). In Fig. A.9 (b), the region with the highest velocity is almost covering the mitral half of
the opening. In Fig. A.9 (c), this region has moved to the anterior-septal side where it also covers a
larger part of the opening. The grid resolution in the LVOT should be reﬁned in future simulations.
The ﬂow proﬁles shown in Fig. A.9 might be affected by such adjustments.
In our 3D model, the anterior leaﬂet is bulging more than in a normal valve (see Fig. A.1 (b)).
The degree of anterior leaﬂet billowing is therefore more like the one modelled in mII than in mI
(Fig.A.3). According to our 2D simulations the velocity as the blood rounds the Ma-Ao junction
becomes higher with a more billowing anterior leaﬂet. We therefore assume that if the anterior leaﬂet
had been ﬂatter at peak systole, the velocities had been lower around the Ma-Ao junction and the ﬂow
in the LVOT had been less skewed.
The blood ejected out of the LV is deﬂected as it enters the outﬂow tract. At the septal side, the
blood ﬂow follows the wall quite nicely, but this is not the case at the mitral side. As the blood rounds
the Ma-Ao junction, the velocity vectors are pointing more towards the central axis of the LVOT than
along the wall. The blood ﬂowing from the area beneath the anterior leaﬂet and into the LVOT will
interfere with the blood ejected from the rest of the ventricle. According to our 2D results, this will be
less pronounced if the anterior leaﬂet is bulging only slightly into the atrium. Hence, the results might
indicate that the degree of anterior leaﬂet billowing affects the efﬁciency of ventricular ejection.
There are several factors that might also inﬂuence the jet ejected out of the LV like the ventricular-
aortic root angle, LV function, aortic function etc. Further studies are needed in order to address the
impact of the most important factors on the aortic ﬂow pattern.
In both of the 2D models, a vortex started to develop at the tip of the leaﬂets’ coaptation zone.
This was not observed in the 3D case.
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200ms
(c) (d)
Figure A.8: Fig. A.8 illustrates the velocity ﬁeld in a long axis view at two different times during
systole. (a) and (b) are at peak systole; 75 ms after AoV opening, whereas (c) and (d) are from the
last part of systole; 200 ms after AoV opening. The velocity ﬁeld is illustrated by velocity contours
in (a) and (c) and by vectors in (b) and (d). The velocity is given in m/s.
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(a) plane 1 (b) plane 2 (c) plane 3 (d)
Figure A.9: The velocity contours at peak systole, 75 ms after AoV opening, at three different cross-
sections in the LVOT. Figure (d) illustrates the locations of the three planes, where plane 1 is the plane
closest to the LV. The velocity is given in m/s.
A.3.5 In-vivo validation
To control whether the CFD model provides results within the physiological range, some validation
is necessary. An initial validation of the simulated velocities was performed by comparing the results
with ﬂow measurements obtained from MR phase mapping scans.
The MRI acquisitions were taken at the same day and in the same subject as the RT3DE acquisi-
tions used for the 3D model. In the MR data, peak systole occurred 99 ms after AoV opening and the
maximum velocity out of the aortic valve was measured to 1.14 m/s. In the simulation, peak systole
occurred 75 ms after AoV opening with a maximum velocity of 1.19 m/s at the outlet. Hence, the
simulation gave 4% higher velocities at the aortic outlet than measured in the MR data.
The maximum velocities at peak systole, cannot be directly compared between the simulation and
the MR data. There are several reasons for this. One is the difference in heart rate (HR) between
the MRI and RT3DE acquisitions. For the MR ﬂow measurements, a HR of 41 was obtained. In
the echocardiographic recordings, the HR was 62. Changes in HR are associated with complex au-
toregulatory responses (sympathetic/parasympathetic impulses), leading to changes in stroke volume
(SV) [119, page 231]. Thus, one cannot expect the SV obtained with MR at HR = 41 to be directly
comparable to SV obtained with RT3DE at HR = 62. Consequently, the maximal velocities obtained
with MR and RT3DE cannot be expected to be equal either. The time when peak systole occurs will
also differ when the HR are not the same. In the MRI recordings, the time from AoV opening to AoV
closure was approximately 400 ms and peak systole occurred after 99 ms. In the echocardiographic
recordings, the AoV was open for 285 ms, whereas peak systole occurred at 75 ms after AoV opening.
However, the ratio of the time when peak systole occurred to the total time the AoV was open, was
approximately the same. The ratio was 0.26 and 0.25 for the simulation and MR data, respectively.
In addition to the heart rate, the ﬂow pattern might also change from one heart beat to another.
The blood ﬂow pattern at the time the velocity measurements were done is therefore not necessarily
identical with the ﬂow pattern in the recordings used for LV volume segmentation. This might also
cause an offset between the measurements and the simulation results.
One important factor to consider is that two different imaging modalities have been used. There is
a systematic bias between RT3DE and MR volume measurements where echocardiography generates
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smaller volumes when compared to MR [73]. This has to be taken into account when simulation
results are interpreted. However, the total mass ﬂow ejected out of the LV during systole depends
on the difference between EDV and ESV. Even if the LV volume measured from RT3DE is smaller
than the volume obtained from MR at the same HR, the SV might lie in the same range as long as the
negative bias in EDV and ESV are approximately the same.
The MV used in this ﬁrst CFD simulation is the same MV as shown in Fig. A.6(c) and does
not have the valve curvature as in the recorded heart. According to our 2D results, the valve curva-
ture affects the velocity pattern in the LVOT. Consequently, the in-vivo ﬂow measurements and the
simulation results cannot be expected to be identical either.
Nevertheless, the comparison with the in-vivo ﬂow measurements indicates that our results are
within the physiological range.
A.3.6 Limitations
To do a transient simulation of a 3D model with large deformations is not trivial. Several parameters
have to be adjusted to avoid negative cells or a bad mesh quality. The solution shown here is not
the ﬁnal optimized solution. Mesh and time convergence tests have to be performed and also an
optimization of the remeshing and size function parameters is required to achieve the best possible
mesh. The solution of the ﬂow ﬁeld might be affected of these adjustments.
The 3D model does not include LV torsion about the ventricular central axis. LV torsion may
be an important component of normal LV systolic function and should be included to investigate its
impact on the ﬂow.
Only the systolic period is simulated. The diastolic period should be included to obtain a more
physiological ﬂow ﬁeld at start-systole.
There was a difference in HR between the MR and RT3DE acquisitions, effort should be put
into obtaining the same HR in both acquisitions in order to improve the strength of the validation.
Because both acquisitions should be done at the same day to reduce possible sources of error, both
the MR and the RT3DE acquisitions should be done over again and hence, a new LV model must be
created. One beneﬁt of the developed technique for creating 3D models from RT3DE is the simplicity
of incorporating different models of the LV, the LVOT or the MV, with a limited amount of user
intervention.
A.4 Concluding remarks
Based on our preliminary results, we suggest that the ﬂow pattern around the Ma-Ao junction and
further into the aortic outﬂow tract is inﬂuenced by the degree of anterior leaﬂet billowing. According
to our observations, a normal, slightly billowing anterior leaﬂet creates a more efﬁcient ejection with
lower peak velocities than is the case for a more billowing anterior leaﬂet. If this is the case, it would
be possible that changes in the aortic blood ﬂow pattern might be related to the occurrence of diseases
or abnormalities in the mitral valve. However, further investigations are needed to prove this.
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A.5 Further work
With the developed framework there is possible to perform many different studies focusing on one
parameter at the time.
The initial results from the 2D and 3D study indicate that the degree of anterior leaﬂet billowing
affects the velocity pattern in the aorta during ventricular contraction. This is a new ﬁnding which
should be investigated further. The 3D MV model will then be modiﬁed to different degrees of anterior
leaﬂet billowing. CFD simulations will then be performed for each valve conﬁguration. Echocardio-
graphic recordings of various abnormal BML recorded at Rikshospitalet will be used to determine
the degree of bulging. The previously developed software for tracking structures in 2D ultrasound
images will be used to obtain the valve proﬁle from the recorded images. Through cooperation with
clinical personnel, it might be possible to develop some echocardiographic criteria that would allow
differentiating normal from pathological billowing leaﬂets. The project can also be extended to in-
clude prolapse and ﬂail which causes mitral regurgitation. The next project might be to investigate
the effects of a billowing posterior leaﬂet.
Irregularly curved leaﬂets can occur due to valve pathologies or surgical intervention. E.g. one
method used to repair pathologically billowing leaﬂets, is to attach additional cords to the leaﬂets’
ventricular surfaces to decrease the degree of billowing. This might introduce new irregularities
to the valve curvature. A follow-up study might be to examine the pressure and wall shear stress
distributions at the ventricular surfaces of such leaﬂets before and after surgery. Will the new valve
proﬁle cause an altered hemodynamic load pattern? And is it likely that the altered hemodynamic load
pattern will cause remodelling of the leaﬂets? Although remodelling may be initiated as adaptations
to altered loads, the resulting valve tissues may not be able to provide normal long-term function.
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